PROT CikCt LATE 


OF MICHIGAN 
OVEMBER 1953, VOLUME 55, No. 4 DEC 2 1953 
MEDICAL 
LSAT’ 


THE 


BIOCHEMICAL 
JOURNAL 


Edited for 
THE BIOCHEMICAL SOCIETY 


Editorial Board 
A. NEUBERGER (Chairman) R. K. CALLOW (Deputy Chairman) 

R.E. DAVIES R. MARKHAM 
S.R. ELSDEN N. H. MARTIN 
D. HERBERT A. G. OGSTON 
W.KLYNE R.L.M.SYNGE 
C.LONG W. V. THORPE 
M.G.MACFARLANE W.J.WHELAN 
T. MANN T.S.WORK 


CAMBRIDGE UNIVERSITY PRESS 
LONDON: BENTLEY HOUSE, N.W.1 
NEW YORK: 32 EAST 57TH STREET, 22 


Price 20s. net 





The Biochemical Journal is conducted by the Biochemical Society and is publis 
by the Cambridge University Press. The Journal is issued in multiple volumes per year 
Each volume consists of approximately 700 pages, published in parts at intervals ¢ 
one month. a 
The Biochemical Society was instituted solely for the advancement of the Science ¢ 
Biochemistry, and holds meetings at different centres for the communication of origing 
papers, and for the discussion of current problems. Persons interested in Biochemistry 
are eligible for election. Members whose subscriptions are not in arrears are entitled % 
receive the Biochemical Journal without further payment. Further information may & 
obtained from the Hon. Sees., Professor R. H. 8. Thompson, Department of Chem 
Pathology, Medical School, Guy’s Hospital, London, S.E..1, and Professor F. L. Wa 
Department of Biochemistry, London Hospital Medical College, Turner Street, London, 

or from the Hon. Treas., F. A. Robinson, Esq., c/o Allen and Hanburys, Lid., Bethn nal 
Green, London, E.C. 2. a 
Subscriptions to the Biochemical Journal. For non-members of the Biochemi 
Society the subscription to the Biochemical Journal is £3. 10s. 0d. per volume, payables 
advance to the Cambridge University Press, Bentley House, 200 Euston Road, Lon 
N.W. 1, to F. A. Robison, Esq., c/o Allen and Hanburys, Ltd., Bethnal Green, Londo 
E.C. 2, or to any bookseller. In the United States of America the Journal may be purche 
from the Cambridge University Press American Branch, 32 East 57th Street, New York, 
(subscription price $12.25 per volume). 

Communications respecting the sale of single issues or back numbers of the Jou 
Volumes 20-52, should be addressed to the Cambridge University Press, Bentley Ho 
200 Euston Road, London, N.W. 1. Volumes 1-15 have been reproduced and are availab 
from Messrs William Dawson & Sons, Ltd., 102 Wigmore Street, London, W. 1, atthe P 
given below. 

Claims for the replacement of Journals lost in transmission will not be entertained 
they are received later than three months after the date of the posting of the Journal. 
Prices of back numbers of the Journal. 

Volume 1-15 complete. £82. 10s. bound, £75 unbound 

Separate volumes. £6 each bound, £5. 10s. each unbound 

Reduced terms for Volumes 1-15 are available to members of the Biochemical Society, who should apply to the Hono 
Secretaries. 
In paper cover (except Vol. 38) 

Volumes 20-28, £8 per volume of 6 parts at £1. 128. each if sold separately 
Volumes 29-35. £8 per volume of 12 parts at. 16s. each if sold separately 
Volume 36. £5 per volume of 12 parts at 10s. each if sold separately 
Volumes 37 and 40. £5 per volume of 6 parts at £1 each if sold separately 
Volumes 41-43. £5 per volume of 4 parts at £1. 10s. each if sold separately 
Volumes 38, 39, 44-51. £5 per volume of 5 parts at £1. 4s, each if sold separately 
Volumes 52, 53, 54 £4 per volume of 4 parts at £1. each if sold separately 
Index to Volumes 11-20. 108. net 
Index to Volumes 21-30. 15s. net 


Index to Volumes 31-40. £1. 15a, net 
History of the Biochemical Society 28, 6d. net 


Binding. Quotations can be given by the publishers for bound copies of back numbers; 
also for buckram binding cases, and for binding subscribers’ sets. (Suspended.) 








. Ass ¢ 
i "ated " B * Cee) ear . 
5 coy = ‘ 5 
5 * 
ro 
Z 2 - 
poe 
, oe 
io £ $ 
a 
f 
ee ee oe 
a ; . 








CONTENTS OF VOLUME 55, No. 4, 1953 
(All rights reserved) 


The accumulation of citrate during oxidation of pyruvate by breis and slices of pigeon brain. By R. V. 
Coxon. (With two figures) “ ; ; é ‘ ° : 

A third unsaturated amino acid in groundnut plants: evidence for the occurrence of y-amino-x-methylene- 
butyric acid. By L. Fowpen and J. Done. . - . : ‘ . 


Experimental liver necrosis in rats: 
1. Changes in liver, blood and spleen glutathione and ascorbic acid levels in dietetic liver necrosis. By 
O. Linpan and E. Work 


2. The levels of glutathione and ascorbic acid in livers subjected to acute circulatory congestion in relation 
to the levels found in dietetic liver necrosis. By O. Liypan and E. Work . 


The effect of calcium on the respiratory and phosphorylative activities of heart-muscle sarcosomes. By 
E. C. SLATER and K. W. CLELanp. (With two figures) . 


The estimation of small amounts of formaldehyde liberated during the oxidation of carbohydrates and other 
substances with periodate. By J. F. O'Dea and R. A. Grpgons. (With three figures) 


The respiratory and adenosinetriphosphatase activities of skeletal-muscle mitochondria. By J. B. CHAPPELL 
and S. V. Perry. (With seven figures) ; 


Mycobactin, a growth factor for Mycobacterium johnei. 1. Isolation from Mycobacterium phlei. By J. 
Francis, H. M. Macrurk, J. Maptnavertra and G. A. Snow. (With three figures) 4 5 


Techniques in tissue metabolism. 2. Application of electrical impulses to separated tissues in aqueous media. 
By P. J. W. Ayres and H. McIiwarn. (With eight figures) : 


Glucose level, metabolism, and response to electrical impulses in cerebral tissues from man and laboratory 
animals. By H. McIuwary. (With one figure) 

The effect of metabolic inhibitors on respiration and glycolysis in electrically stimulated cerebral-cortex 
slices. By P. J. Heatp. (With seven figures) 

Some observations on the reaction of catechol derivatives with amines and amino acids in presence of 
oxidizing agents. By R. H. Hackmanand A.R. Topp . : : < - . 

Studies of sebum. 4. The estimation of squalene in sebum and sebum-like materials. By V. R. WHEATLEY. 
(With one figure) 

A note on the influence of energy intake on phospholipid metabolism. By T. W. WrxRAMANAYAKE, H. N. 
Munro, D. J. Natsmitu and W. C. Hutcuison. (With one figure) : ‘ ; : z 


Sedimentation coefficients of small molecules: methods of measurement based on the refractive-index gradient 
curve. The sedimentation coefficient of polyglucose A. By R. L. Batpwiy. (With two figures) . 


A study of the effect of amino acid structure on the stabilities of the complexes formed with metals of 
group II of the periodic classification. By D. J. Perxrys. (With three figures) . : ; 


The sulphatase of ox liver. 2. The purification and properties of sulphatase A. By A. B. Roy. (With eight 
figures) ; : : 3 . ; j 7 ; ‘ - ‘ ‘ ‘ ‘ ‘ 


The branched-chain fatty acids of butterfat. 3. Further investigations on a multibranched Cy) saturated 
fatty acid fraction. By R. P. Hansen and F. B. SHoRLAND 


The activation of fatty acid oxidation by kidney and liver mitochondria. By J. D. Jupan and K. R. REEs 


Detection and identification of some metabolites of isonicotinic acid hydrazide (isoniazid) in human urine. 
By W. F. J. Curnpertson, D. M. IRELAND and W. WOLFF 


The action of some water-soluble poly-x-amino acids on bacteria. By E. Katrcuatsxkt, L. Brchowskt- 
Stomnirzki and B. E. Votcant. (With eleven figures) 
[p.T.0.] 





CONTENTS 


Studies in vitamin A. 
two figures) . 


26. The vitamin A-replacing effect of lard. By J.S. LowE and R. A. Morton. (With 


PAGE 


681 


The lipids of fish. 4. The lipids extracted by an ethanol:ether mixture from haddock flesh previously extracted 
with acetone. By J. A. Lovern and J. OttEy. (With two figures) . ; : ; : : - 686 


Zine and carbonic anhydrase in human semen. By C. A. Mawson and M. I. FiscHer ‘ : ; - 696 


The amino acids of cytoplasmic and chloroplastic proteins of barley. By E. W. Yemm and B. F. Fotkes 700 


Further observations on phrenosinic acid. By A. C. CarpnatL, S. H. Prrer and E. F. Wintiams_ a 


The «-hydroxy-n-fatty acids of yeast cerebrin. By A. C. CurpnauL, S. H. Preer and E. F. Wint1ams~—_. 7111 


The estimation of oxidized glutathione. By L. W. Marson. (With two figures) : : : : . 714 


The detection of galactose in urine. By F.S. FowweaTHER : : : ; : : : - WS 


INDEX OF AUTHORS 


PAGE 


Ayres, P. J. W. 607 


Baldwin, R. L. . : . 644 
Bichowski-Slomnitzki, L. . 


Chappell, J. B. . 
Chibnall, A. C. . 
Cleland, K. W. . 
Coxon, R. V. . : 
Cuthbertson, W. F. J. 


Done, J. 


Fischer, M. I. 
Folkes, B. F. 
Fowden, L. 5 
Fowweather, F. 8S. 
Francis, J. ‘ 


Gibbons, R. A. . 
Hackman, R. H. 
Hansen, R. P. 
Heald, P. J. ; 
Hutchison, W. C. 
Treland, D. M. . 
Judah, J. D. 
Katchalski, E. . 
Lindan, O. 


Lovern, J. A. 
Lowe, J. S. 





Mcllwain, H. . 
Macturk, H. M.. 
Madinaveitia, J. 
Mapson, L. W. . 
Mawson, C. A. . 
Morton, R. A. 

Munro, H. N. 


Naismith, D. J. 


O’Dea, J. F. 
Olley, J. 


Perkins, D. J. 
Perry, S. V. 
Piper, S. H. 


Rees, K. R. 
Roy, A. B. 


Shorland, F. B. 
Slater, E. C. 
Snow, G. A. 


Todd, A. R. : : ‘ 2 ‘ . 
Voleani, B. E. . ‘ ; ; ‘ . - vem 
Wheatley, V. R. 7 ; ; : ‘ . 637 
Wikramanayake, T.W. . ‘ 3 . 640 
Williams, E. F. . ; : ; 707, 711 
Wolff, W. . : . , ; , ; . 669 
Work, E. . ; j - 554, 562 


Yemm, E. W. . : : ‘ 5 . . 











Vol. 55 


The Accumulation of Citrate during Oxidation of Pyruvate 
by Breis and Slices of Pigeon Brain 


By R. V. COXON 
Departments of Biochemistry and Physiology, University of Oxford 


(Received 18 April 1953) 


A previous communication (Coxon, Liébecq & 
Peters, 1949) reported the formation of citrate, 
together with «-ketoglutarate, in the course of the 
oxidation of pyruvate by dialysed dispersions of 
pigeon brain, and the findings were discussed in 
relation to the tricarboxylic acid cycle (Krebs & 
Johnson, 1937). The present paper is mainly con- 
cerned with studies of citrate formation under 
similar conditions by breis and slices from the same 
organ, but some further experiments bearing upon 
the comparative behaviour of dispersions are also 
included. Appreciable formation of citrate has been 
shown to accompany the oxidation of pyruvate by 
both breis and slices, but the quantities found were 
much less than in the earlier studies on dispersions of 
brain. 

In an endeavour to clarify the relationship 
between this citrate formation and the overall path- 
way of pyruvate oxidation in pigeon brain, some 
experiments were also performed on the intercon- 
version by this tissue of citrate and the other two 
tricarboxylic components of the Krebs’s cycle, 
So that any possible complications arising from 
permeability factors might be minimized, the latter 
experiments were carried out with dispersions, in 
which considerable aconitase activity was demon- 
strated. This is in agreement with the findings of 
Johnson (1939) for rat brain. 


EXPERIMENTAL 


Reagents. Sodium pyruvate, racemic isocitric acid and 
cis-aconitic anhydride were prepared by Mr R. Wakelin of 
the Department of Biochemistry, Oxford. The sodium 
citrate employed was a sample from Kahlbaum A. G. 
Other reagents used in chemical analyses were of A.R. grade 
and supplied by British Drug Houses Ltd. 

Analytical methods. Citrate was estimated by the method 
of Pucher, Sherman & Vickery (1936) as modified by Buffa & 
Peters (1949). Light petroleum for this procedure was 
purified by washing successively with conc. H,SO,, 0-5m- 
KMn0O, and water, and all tissue extracts were subjected to 
a preliminary boiling with H,SO, as recommended by 
Breusch & Tulus (1947) to reduce interference by chromo- 
genic substances other than citrate. isoCitrate was deter- 
mined enzymically using isocitric dehydrogenase. The 
reaction was followed in a Beckman spectrophotometer, 
model DU, according to the method of Ochoa (1948) by 
observing the coupled reduction of triphosphopyridine 
nucleotide (TPN). The enzyme used in this determination 
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was prepared from pig’s heart by Dr W. D. Lotspeich, who 
generously made it available (see Lotspeich & Peters, 1951). 
The TPN was prepared from horse liver by the writer in 
collaboration with Dr Lotspeich and was about 14% pure as 
judged by the extinction coefficient at 340 my. The pyruvate 
determinations quoted in Table 4 were carried out according 
to Long (1942). 

Tissue preparations. Breis were prepared by mashing on 
a warm plate as described by Peters, Rydin & Thompson 
(1935) and slices were cut free-hand. In both instances the 
tissues were introduced into tared flasks and their weight 
found by difference. Dispersions were prepared and dia- 
lysed as described by Banga, Ochoa & Peters (1939). 


RESULTS ‘ 
Formation of citrate in breis and slices. Table 1 


gives the results of citrate determinations upon 
a series of breis after incubation with pyruvate, and 


Table 1. Accumulation of citrate in pigeon-brain 
bret after incubation with pyruvate 
(Each flask contained approx. 400 mg. of tissue sus- 
pended in 4ml. of Krebs-Ringer bicarbonate solution. 
Temp. 37°. Incubation for 2 hr. in 5% CO,+95% O,.) 
Citrate found 
(umoles/g. tissue) 


Expt. Pyruvate added — 
no. (umoles/flask) Initial Final 
149 45 0-40 1-30 
150 45 0-70 2-20 
151 0 — 0-42 

45 se 2-10 
147 45 0-50 1-40 
45 + Ba* 0-50 2-60 


* This flask contained 0-05m-BaCl,. 


Table 2 gives similar data in respect of slices. It has 
also been found that citrate formed in slices does not 
diffuse freely into the suspending medium (Coxon, 
1950). The extent of citrate formation in breis and 
slices is roughly the same, amounting to about 
1 pmole/g. tissue in 2 hr. The demonstration that 
citrate is formed by breis and slices respiring in 
pyruvate, despite the fact that the quantities 
produced are small compared with those arising in 
dispersions, is good evidence in favour of the thesis 
that in breis and slices, as in dispersions (Coxon e¢ al. 
1949), the metabolism of pyruvate proceeds through 
a tricarboxylic stage. A quantitative comparison of 
the amounts of citrate found in relation to the 
390 
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accompanying oxygen uptake in slices on the one 
hand, and dispersions on the other, makes it clear 
that the molar citrate/oxygen ratio is vastly greater 


Table 2. Accumulation of citrate in pigeon-brain 
slices after incubation with pyruvate 


(Each flask contained approx. 400 mg. of tissue in 4 ml. 
of Krebs-Ringer phosphate solution. Temp. 37°. Incuba- 
tion was for 100 min. in O,.) 

Citrate found 
(umoles/g. tissue) 
Expt. Pyruvate added c— “A 
no. (umoles/flask) Initial 
158 0 0-55 
90 0-75 
160 0 0-40 
90 1-20 
186 0 — 
90 0-60 
187 0 — 
90 — 


a 
Final 


Table 3. Formation of citrate relative to the uptake 
of oxygen in dispersions and slices 


(Dispersions were incubated for 40 min. in buffered 
saline,* pH 7-2, at 37° in air; slices were incubated for 
100 min. in Krebs-Ringer phosphate solution at 37° in O,. 
Values are based on four experiments in each instance and 
expressed as means with s.p. Pyruvate was present as 
substrate in all experiments.) 

Slices 
Citrate formed (ymoles/g. tissue) 12+ 1-1 1140-15 
Oxygen uptake (umoles/g. tissue) 91+10-5 198 +14 
Molar ratio (citrate/oxygen) 1/7-5 1/180 

* Buffered saline contained Na,HPO,, 2H,O (12-460 g.), 
KH,PO, (4-083 g.), KCl (8-0 g.), and MgCl, (0-122 g.) in 11. 


Dispersions 


Table 4. Proportion of added pyruvate converted 
to citrate by pigeon-brain bret 


(Medium was Krebs-Ringer bicarbonate solution. 
Temp. 37°. Incubation for 2 hr. in 5% CO,+95% O,. The 
values given for pyruvate and citrate are based on four 
experiments in each instance and expressed as means with 


S.D.) . - 
Conversion 


Citrate of pyruvate 

formed to citrate 
(pmoles/g. tissue) %) 

1-2+0-3 4-1 


Pyruvate 
disappearing 
(umoles/g. tissue) 
29-0+ 2-1 


in dispersions. Table 3 presents such a comparison 
and was constructed from the results of the same 
experiments as those quoted in Table 2, with the 
addition of certain other experiments carried out in 
the course of related studies. The relative smallness 
of the amounts of citrate found in slices and breis 
would be compatible with the idea that their 
oxidative processes are far better co-ordinated than 
in dispersions, so that there is far less tendency in 
them for the ‘stranding’, as it were, of intermediates 
and by-products. 
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Table 4 summarizes data from a number of experi- 
ments (including those recorded in Table 1) on 
which can be based an estimate of the proportion of 
the pyruvate metabolized by a brei which appears 
as citrate. This is seen to be about 4%. 


s 


3 


Conversion (%) 


@—ecis-Aconitate 
O-OisoCitrate 


10 20 30 40 
Time (min.) 
Fig. 1. Conversion of cis-aconitate and D-isocitrate into 
citrate by pigeon-brain dispersions. The initial concentra- 
tion of substrate was 0-002 in each case. 


x 
0123456 7 8 9101112 1314 15 
Time (min.) 

Fig. 2. Conversion of citrate into isocitrate by brain dis- 
persion. At zero time all cuvettes contained TPN 
(approx. 0-1ymole)+MnCl, (1-0umole)+isocitric de- 
hydrogenase (equivalent to 0-8 mg. pig-heart powder) in 
0-01 m-phosphate buffer, pH 7-2. Where indicated by the 
arrows the following were added: at A, filtrate from flask 
in which dispersion had been incubated with citrate; 
at B, filtrate from flask in which dispersion had been 
incubated without citrate; at C, 0-5 umole of DL-isocitrate. 


Spectrophotometric examination of the 2:4- 
dinitrophenylhydrazone on which the estimation of 
pyruvate in these experiments depended revealed 
no admixture of «-ketoglutarate ; slight traces of the 
latter compound were noticed when paper chro- 
matography according to Cavallini, Frontali & 
Toschi (1949) was applied to the products of incu- 
bation, but these were insufficient to affect the 
pyruvate determinations, 

Interconversion of tricarboxylic acids in dispersions. 
Figs. 1 and 2 show the results of some experiments on 
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the interconversion of the three tricarboxylic acids 
of the Krebs’s cycle in pigeon brain. It is clear from 
Fig. 1 that when either isocitrate or cis-aconitate is 
added, equilibrium is reached after some 85% of 
the substrate has been converted into citrate and 
that the establishment of this condition requires 
approximately 30 min. 

Fig. 2 provides qualitative evidence that, when 
citrate is added, a proportion of it is converted into 
isocitrate. The combined data in the two figures 
thus demonstrate that citrate and isocitrate are 
interconvertible in pigeon brain and that cis- 
aconitate is a likely intermediate in the process 
since it can be shown to give rise to citrate in the 
system. Although for technical reasons no attempt 
was made to demonstrate directly the transforma- 
tion of citrate or isocitrate to cis-aconitate, these 
reactions can reasonably be inferred from the other 
data taken in conjunction with the known character- 
istics of aconitase. Both transformations were, in 
fact, demonstrated by Johnson (1939) in rat 
brain. 

State of division of the tissue in breis. It is generally 
found that at the end of 2 hr. incubation the fluid in 
a flask containing brei has become markedly turbid, 
implying that tissue constituents have been liber- 
ated into it ; to a much lesser extent the same applies 
to slices. Thus, when citrate accumulation is ob- 
served in a brei, the question arises as to whether 
this has been formed by the larger tissue masses 
characteristic of a brei or by the more freely dis- 
persed tissue elements. Breis were accordingly 
prepared and shaken vigorously at 4° until disin- 
tegration was well advanced; at this stage the 
coarser pieces of tissue were separated from the finer 
by straining through muslin as is customarily done 
when preparing dispersions. The larger particles 
were then resuspended in fresh medium and incu- 
bated at 37° while the filtered fluid was incubated 
in another flask. 


Table 5. Formation of citrate in 
fractionated bret 


(Brei from 1400 mg. of pigeon brain was fractionated by 
straining through muslin after preliminary shaking at 4°. 
The fractions were then incubated for 2hr. in Krebs- 
Ringer phosphate solution containing 0-012M-pyruvate, in 
air.) 


Aggregated Dispersed 
fraction fraction 
Dry weight (mg.) 114 102 
Citrate found (umoles/g. 3-3 9-5 


dry weight) 


The results in Table 5 show that citrate formation 
occurred in both moieties, the amount found being 
greater per unit of dry weight in the case of the 
finely divided suspension as might be expected from 
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its greater similarity to a dispersion. None the less, 
appreciable formation also occurred in the flask 
containing the larger particles. 


DISCUSSION 


Acceptance of a tricarboxylic acid cycle operating in 
breis of pigeon brain calls for some attempt at a 
reconciliation of such a process with certain ap- 
parently contradictory observations reported in 
earlier communications. In particular the finding of 
McGowan & Peters (1937) that the stimulant effect 
of thiamine on the respiration of vitamin-deficient 
brei incubated in pyruvate was not modified by the 
simultaneous metabolism of succinate, appeared to 
indicate an independence of the oxidative pathways 
for these two substances. However, evidence that 
has accumulated since their experiments were 
carried out suggests that the added succinate could 
be metabolized at a site different from that at which 
the tricarboxylic acid cycle was in operation, for it is 
now well known that an enzyme can be found in 
more than one locus in a tissue preparation, as 
exemplified by the case of isocitrate,dehydrogenase 
which has been recovered from both soluble and 
mitochondrial fractions of liver ‘homogenates’ 
(Hogeboom & Schneider, 1950). Moreover, it is 
known (Potter, Recknagel & Hurlbert, 1951) that 
cells frequently contain quantities of enzymes which 
are in excess of their requirements for normal co- 
ordinated metabolism) so that asurplus of exogenous 
succinate could presumably be handled without 
necessarily depressing the cyclical mechanism in 
experiments such as those of McGowan & Peters. 
The postulate of at least two spatially distinct 
systems for oxidizing succinate in brain breis is now 
advocated by Peters (1953) and is consistent with 
the finding (Long, Ochoa & Peters, 1939) that 
exogenous succinate undergoes only a one-stage 
conversion into fumarate in such preparations. The 
important question as to whether the functional 
separation of these two succinoxidase systems is or is 
not an artifact resulting from the method of pre- 
paring breis must for the present remain open. 
Turning to the results recorded in Table 4 showing 
the proportion of pyruvate metabolized by breis 
which appears as citrate, it is satisfactory to find 
that the estimated 4-1 % is in good agreement with 
expectation from the careful pyruvate balance 
figures of Long (1938). This observer found that of 
the pyruvate which was metabolized by breis, some 
20 % underwent only oxidative decarboxylation to 
acetate, a further 10% entered into an anaerobic 
dismutation to lactate, while 67% was completely 
oxidized to carbon dioxide and water. He was thus 
left with 3% unaccounted for, and this may now be 
said to be traceable as citrate. Both Long’s and the 
present value also tally well with that of 2-4% 
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which was the estimated yield of citrate from 
pyruvate in some large-scale experiments on 
bovine brain carried out by Simola & Alapeuso 
(1943). 

As shown by the results in Table 5, a classification 
of tissue preparations into slices, breis and disper- 
sions is somewhat arbitrary and in certain respects 
misleading. This should not, however, obscure the 
fact that the metabolism of the more organized 
preparations is better systematized to the extent 
that intermediate reactants accumulate to a lesser 
degree in them, although the appearance of such 
intermediates at all in recognizable form is in a 
sense a measure of the artificiality of the experi- 
mental conditions. 
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SUMMARY 


1. The accumulation of citrate in association 
with the oxidation of pyruvate by breis and slices of 
pigeon brain is reported. 

2. The extent of citrate formation in such pre- 
parations is compared with that previously found 
in dispersions, and the implications of this com- 
parison are discussed. 

3. Some reactions between cis-aconitate and p- 
zsocitrate and citrate in dispersions of pigeon brain 
have been studied. 

The valuable encouragement and advice of Prof. Sir 
Rudolph Peters, F.R.S., in this work is gratefully acknow- 
ledged. 
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By L. FOWDEN 
Department of Botany, University College, Gower Street, London, W.C. 1 
AND J. DONE 
Human Nutrition Research Unit, Medical Research Council Laboratories, 
Holly Hill, Hampstead, London, N.W. 3 


(Received 24 March 1953) 


In recent years several new amino acids have been 
isolated from plant materials, whilst the presence of 
many other compounds of similar type, as yet 
lacking definite characterization, has been indicated 
by the methods of paper chromatography. Two 
amino acids isolated from groundnut plants 
(Arachis hypogaea) and provisionally identified as 
y-methyleneglutamine and y-methyleneglutamic 
acid, have proved unusual in that they are un- 
saturated compounds (Done & Fowden, 1952). 


These compounds are subsequently referred to as I 
and II respectively. No general survey of their 
distribution within the plant kingdom was then 
undertaken, but evidence for their presence in the 
leaves of tulips and certain other members of the 
Liliaceae has been obtained more recently. Prof. 
F. C. Steward of Cornell University has informed us 
that he and his co-workers are investigating two 
compounds in tulips which appear to be identical 
with those found in groundnut plants. It would 
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seem that the two compounds correspond to the 
unknown spots numbered 13 (the amide) and 4 (the 
acidic amino acid) on the diagram prepared by 
Steward & Thompson (1950). 

The presence of much smaller amounts of a 
third new amino acid in groundnut plants was also 
indicated in the earlier work, and this substance 
was then described as compound IV. The original 
designation is retained in the present paper in which 
evidence is presented that IV is probably y-amino- 
a-methylenebutyric acid (4-amino-2-methylene- 
butanoic acid), the product of «-decarboxylation of 
Il. A brief report of this work has already been 
published (Fowden & Done, 1953). 

By chromatographic techniques a small quantity 
of IV was isolated in pure form from some of the 
fractions obtained during the isolation of II (Done & 
Fowden, 1952). IV was a white powder, very soluble 
in cold water, and had elementary composition 
corresponding to the empirical formula C;H,O,N. 
The material did not form a complex with copper, 
an indication that it was probably not an «-amino 
acid. Insufficient material was available for optical- 
rotation studies. 

The behaviour of IV on paper chromatograms, 
especially the colour of the spots obtained with 
ninhydrin, indicated that it was probably an un- 
saturated amino acid. This was confirmed by 
hydrogenation using a palladium catalyst. Assum- 
ing that the empirical formula above also repre- 
sents the molecular formula of IV, the amino acid 
absorbed 0-97 molecular proportions of hydrogen, 
indicating the presence of a single double bond 
within the molecule. 

Ozonolysis of aqueous solutions of IV gave formic 
acid and f-alanine as the final oxidation products. 
These two substances are the end products that 
would be formed by ozonolysis of y-amino-c- 
methylenebutyric acid as in the scheme below: 


COOH.C.CH,CH, .(NH,) 


CH, 
zs ne 
/ onone \ 
x \ 
H-CHO COOH.C.CH,.CH,(NH,) 
ozone ozone 
H.COOH COOH.CH,.CH,(NH,) +CO, 


IV could therefore not be 2-aminopent-4-enoic acid, 
an isomer of y-amino-x-methylenebutyric acid 
(4-amino-2-methylenebutanoic acid), which would 
be formed by y-decarboxylation of II, for it would 
then have yielded aspartic acid on ozonolysis, a 
product readily distinguished from -alanine on 
paper chromatograms. 

The position occupied by IV on two-dimensional 
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paper chromatograms was extremely close to a 
position that could be predicted for y-amino-«- 
methylenebutyric acid; the R, values determined 
for IV and other amino acids in two different 
solvent systems indicated that IV differed structur- 
ally from IT by the same features as y-aminobutyric 
acid from glutamic acid and f-alanine from aspartic 
acid. 

Further support for the proposed structure was 
obtained from experiments in which extracts of 
certain plant materials capable of «-decarboxylating 
glutamic acid were used to decarboxylate II in 
vitro. The course of the decarboxylations was 
followed manometrically ; when the reactions were 
terminated the amounts of II that had disappeared 
and of a non-a-amino acid that was produced were 
estimated. The determinations proved that the 
non-a-amino acid was produced in the molecular 
proportions required by a reaction in which one 
molecule of carbon dioxide was lost by one molecule 
of IT, and was therefore almost certainly y-amino-«- 
methylenebutyric acid. This decarboxylation pro- 
duct of II could not be separated from IV when 
mixtures of the two substances were run on paper 
chromatograms developed in four different solvent 
systems. It was, however, easily separated from 2- 
aminopent-4-enoic acid when a butanol-acetic acid 
mixture was used as the developing solvent. 


EXPERIMENTAL 
Isolation of IV 


Compound IV was isolated from certain fractions obtained 
during the isolation of compound II from groundnut plant 
extracts. These fractions contained most of the IV originally 
present in the vegetative parts of approximately 2000 3- 
week-old groundnut plants. The fractions were pooled, and 
after as much II as possible had been removed by erystalliza- 
tion (its solubility is very low in ice-cold water), the solution 
contained in addition to IV and II appreciable amounts of 
aspartic acid, glutamic acid, serine, tyrosine and phenyl- 
alanine. The last two amino acids were removed by adsorp- 
tion on charcoal as described by Partridge (1949). The 
filtrate was evaporated to small bulk below 40° and finally to 
dryness over H,SO, in vacuo. Of this residue (slightly more 
than 0-5 g.), 10-20% appeared to be IV as judged by 
qualitative paper chromatography. 

IV was further purified using a cellulose-powder column as 
described by Synge (1951). The developing solvent used was 
the upper layer obtained by equilibrating 4 vol. of n- 
butanol, 1 vol. of glacial acetic acid and 5 vol. of water. The 
amino acid mixture was dissolved in the minimum volume of 
the developing solvent and applied to a column (2-5 cm. 
diam.) prepared from 100 g. of Whatman cellulose powder. 
As development proceeded the eluate was collected in 20 ml. 
fractions. Compound IV was the first amino acid to appear 
in the eluate, although traces of the other amino acids were 
also eluted in the early fractions. The fractions containing 
substantial amounts of IV were pooled and evaporated as 
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before to about 10 ml. The solution was then decolorized 
with 0-1 g. of charcoal, and the filtrate evaporated to dry- 
ness in vacuo. The residue, a hard, white, crystalline mass 
(about 100 mg.), consisted of about 80-90% of IV, with 
smaller amounts of aspartic acid, glutamic acid and serine. 
This material was used as a source of IV in many of the later 
comparison tests. 

Several months after the separation of IV on cellulose 
columns had been attempted, we were informed (private 
communication from Dr J. F. Thompson, Ithaca) of a new 
method of separating non-«-amino acids in plant materials. 
We have used this method in the following manner to isolate 
asmall quantity of IV uncontaminated by otheraminoacids. 

5g. of Merck alumina (standardized according to 
Brockmann) and 1-7 g. of CuCO, were ground in a mortar to 
a uniform powder, and then poured as a slurry in distilled 
water into a small column. The column was washed with 
further small amounts of water until the packing appeared 
firm. Suction was used to obtain a satisfactory percolation 
rate (3-4 ml./hr.). 50 mg. of the sample prepared above was 
dissolved in 12 ml. of water and the pH adjusted to between 
6 and 7. This solution was applied to the column at the same 
rate, followed again by distilled water, and the eluate was 
collected (fifteen 2 ml. fractions). 101. of each fraction 
were examined chromatographically, and it was found that 
fractions 4-10 inclusive contained only IV. In the later 
fractions trace amounts of IV were present, but no aspartic 
acid, glutamic acid or serine, the original contaminating 
amino acids, were present in any of the fractions. These 
a-amino acids were absorbed quite strongly on to the 
packing mixture, their position being indicated by the 
presence of a narrow, faintly blue band due to copper-salt 
formation near the top of the column. 

Fractions 4-10 inclusive were combined and evaporated 
to dryness in vacuo. The residue was dissolved in the mini- 
mum amount of water and crystallized by the addition of 
ethanol. In this way about 30 mg. of IV were obtained. 
(Found: C, 52-6; H, 7-9; N, 11-9. C;H,O,N requires C, 52-2; 
H, 7-8; N, 12-2%.) IV did not melt sharply but began to 
darken in colour and partially liquefy at about 152°. 


Chromatographic techniques 


All paper chromatograms were prepared on Whatman 
no. 4 filter-paper sheets by methods essentially those of 
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Consden, Gordon & Martin (1944). The solvents used were 
mainly redistilled phenol saturated with 0-3% (w/v) 
aqueous NH, (referred to as phenol-NH, hereafter) and the 
n-butanol-acetic acid mixture of Partridge (1948). These 
two solvent systems were always used in the order stated for 
the development of two-dimensional chromatograms. The 
collidine-lutidine mixture of Dent (1947) and ¢ert.-amyl 
alcohol in the presence of diethylamine (Work, 1949) were 
also used occasionally for the preparation of one-dimensional 
chromatograms. 0-1% (w/v) ninhydrin in water-saturated 
n-butanol was used as the spraying agent. 


The position of IV on chromatograms 


IV moved as a well-defined spot in all solvents, and its 
position on two-dimensional chromatograms was such that 
it would not normally be completely resolved from valine. 
The Ry values determined when a mixture of IV and a 
number of other amino acids was run on a two-dimensional 
chromatogram are given in Table 1. On theoretical grounds 
(following Martin, 1949; Bate-Smith & Westall, 1950; 
Isherwood & Jermyn, 1951; Pardee, 1951) it can be pre- 
dicted (and has been verified in practice with a variety of 
compounds) that for a particular solvent system, a similar 
structural change brought about in any of the three di- 
carboxylic amino acids listed in Table 1 would result in 
products such that the change in the function log,,(1/R, -1), 
calculated for the original and final molecules, would be 
identical. Thus when any of these amino acids are converted 
to their w-amide forms, log,,) (1/R» —1) is altered by about 
0-60 for phenol-NH, and 0-26 for butanol-acetic acid. The 
differences in log,, (1/R» — 1) found for II and IV for each of 
the solvent systems agreed with the differences found 
between the pairs glutamic acid~y-aminobutyric acid and 
aspartic acid—f-alanine. This evidence then supports the 
idea that IV differs structurally from II by the loss of the 
«-carboxyl group. 


Colour given by IV with ninhydrin 
The colour of the spot produced from IV on chromato- 
grams after ninhydrin treatment was at first yellowish 
brown, changing with further heating to a deep orange- 
brown. Compounds I and II react under these conditions in 
a similar manner, and the three compounds may easily be 
recognized on chromatograms by reason of this unusual 
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colour. In the cases of I and II, the abnormal colour has been 
shown to be associated in some way with the unsaturated 
nature of the compounds, since they could be reduced to 
compounds giving normal blue-purple spots on ninhydrin- 
treated chromatograms (Done & Fowden, 1952). 

Similar behaviour was observed for IV. Reduction of 
small amounts of IV by nascent hydrogen liberated at the 
mercury cathode of an electrolytic desalting apparatus 
(Consden, Gordon & Martin, 1947) gave rise to a new com- 
pound which moved to a very similar position on a two- 
dimensional chromatogram to that occupied originally by 
IV, but the colour of the spot was now blue-purple. 

Four other unsaturated amino acids (synthesized by 
Goering, Cristol & Dittmer (1948); samples kindly supplied 
by Dr K. Dittmer, Boulder) showed similar behaviour with 
ninhydrin. 2-Aminopent-4-enoic acid, 2-aminohex-4-enoic 
acid and 2-aminopent-4-ynoic acid all gave a similar yellow- 
ish brown colour on chromatograms, whilst 2-amino-4- 
methylpent-4-enoic acid gave a yellowish green colour. 
Each of these compounds can be reduced by hydrogen to the 
corresponding saturated amino acids which react normally 
with ninhydrin on chromatograms. 

Though unsaturation in these amino acids leads to 
abnormal ninhydrin colours on paper chromatograms, all 
the compounds, both natural and synthetic, react normally 
in solution with excess ninhydrin dissolved in water or n- 
butanol, producing blue-purple coloured solutions. The 
behaviour of these compounds may be compared with that of 
asparagine under similar conditions (Steward & Thompson, 
1952). 


Hydrogenation of IV 


The unsaturated nature of IV was confirmed by catalytic 
hydrogenation. The uptake of H, by IV in the presence of 
a palladium-on-carbon catalyst was followed in the Warburg 
manometric apparatus. The catalyst was prepared by 
reducing a solution of 0-1 g. of PdCl, in 50 ml. 2N-HCl with 
H, in the presence of 0-5 g. of absorbent charcoal (British 
Drug Houses Ltd.) which had previously been heated to 120° 
for lhr. A suspension of the-catalyst in distilled water 
(approx. 5mg./ml.) was saturated with H, and 2 ml. 
portions were introduced into the main compartments of 
three Warburg flasks. 0-5 ml. of distilled water was placed 
in the side bulb of one flask to serve as a control and 0-5 ml. 
of a solution of pure IV into the side bulbs of the other two 
flasks. The flasks and manometers were then flushed with 
H, and, after equilibrating at 25° for 15 min., the flasks were 
tipped and the H, uptake measured manometrically, 
readings being continued until the amount of H, absorbed 
by IV had remained constant over a period of 1 hr. 

1:59 mg. of pure IV absorbed 300 yl. (mean value) of H, 
measured at s.t.p. The uptake calc. for C;H,O,N containing 
one —C—C— bond is 310 yl. 


Attempts to form copper complex of IV 


IV was run on chromatograms which had been dusted 
with copper carbonate (Crumpler & Dent, 1949) before 
solvent development. On later ninhydrin treatment IV 
reacted normally to give a coloured spot, whereas when IT 
was treated similarly it could not be detected on the 
chromatograms. This indicated that IV did not form 
a copper complex and was probably a non-«-amino acid. 

The inability of IV to form a copper complex was also 
demonstrated using copper acetylacetonate as suggested by 
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Jones (1949). A one-dimensional chromatogram containing 
spots of II and IV which had been dried after development in 
phenol:NH, was dipped in a 5% (w/v) solution of copper 
acetylacetonate in A.R. chloroform. The excess copper was 
washed from the paper by passing it through several 
changes of chloroform, and then it was lightly sprayed with 
a 0-1% (w/v) solution of sodium diethyldithiocarbamate in 
water. A yellow-brown spot was produced in the position 
normally occupied by II indicating that it had formed 
a copper complex, but there was no indication of a spot in the 
position expected for IV. These findings for paper chromato- 
grams were in agreement with the earlier evidence obtained 
using alumina-copper carbonate columns (above). 


Ozonolysis of IV 


An aqueous solution of a few mg. of IV was treated with 
ozone for 5-10 min. The ozonized air used contained about 
5% (v/v) ozone and was passed at the rate of 30-40 ml./min. 
The solution was neutralized with dilute NaOH solution and 
then N, gas was immediately bubbled rapidly through the 
solution for 15 min. before concentration in vacuo above 
H,SO,. This was found to diminish the apparent charring 
that otherwise took place when the passage of ozone was 
stopped. Small portions of the concentrate were examined 
chromatographically for the presence of amino acids while 
other portions were tested for the presence of organic acids 
by the chromatographic procedure of Brown & Hall (1950). 

The amino acid product of ozonolysis gave a blue nin- 
hydrin-reacting spot on chromatograms, which was in- 
separable from the spot given by £-alanine when mixtures of 
the two compounds were run on one-dimensional chromato- 
grams developed in each of the four solvent systems listed 
earlier. 

The concentrate contained small amounts of an anionic 
material which was inseparable from formate when mixtures 
of the two compounds wererun on chromatograms developed 
with n-butanol saturated with aqueous 1-5n-NH,. As with 
formate, the spot could be located as a dark-brown area 
using ammoniacal AgNO, solutions as spraying agent, as well 
as by the usual indicator-spray techniques. 


Decarboxylation of II 


Since IV may possibly be formed by decarboxylation of II 
within the groundnut tissues, attempts were made to 
prepare extracts of plant materials containing enzyme 
systems capable of removing CO, from II in vitro in order to 
compare the product of such a reaction with IV. 

Groundnut-plant tissue extracts. Leaves and roots of 
3-week-old groundnut plants were separately harvested and 
extracts made by one of the following techniques: 

(a) The plant material was minced in a domestic meat 
chopper and then squeezed through muslin and the filtrate 
centrifuged at 1000g for 5min. The supernatant was 
buffered by adding one-fifth of its volume of 0-4M-potassium 
phosphate buffer (pH 5-6) before use. 

(b) The plant material was roughly chopped and then 
ground to a smooth paste in a mortar with a minimum 
volume of ice-cold 0-2M-potassium phosphate buffer 
(pH 5-6) and a small amount of acid-washed sand. The paste 
was squeezed through muslin and the filtrate centrifuged as 
above, the supernatant being used in the later experiments. 

(c) Extracts were as in (5) but using distilled water instead 
of buffer. The final supernatants were then freeze-dried, and 
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the residues taken up in a small amount of the 0-2m- 
phosphate buffer at pH 5-6 just before use. 

The pH of 5-6 was chosen for the tests since this appeared 
from a survey of the literature to be about the mean pH 
determined for glutamic decarboxylase activity in many 
higher-plant tissues (Schales & Schales, 1946a, 6; Schales, 
Mims & Schales, 1946; Okunuki, 1937; Hasse & Schumacher, 
1950; Beevers, 1951). Reaction mixtures were made up by 
taking 1 ml. of each extract and adding 0-5 ml. of a solution 
of II containing 4 mg./ml. titrated to pH 5-6 with dilute 
NaOH solution. The mixtures were incubated at 25° for 
various periods up to 24 hr. The reactions were stopped by 
adding 2 vol. of ethanol to each tube and heating. The 
precipitated proteins were removed by centrifugation, and 
100 ul. of each supernatant applied to a chromatogram later 
developed with butanol-acetic acid. 

When the extracts of both the leaves and the roots of 
groundnut plants prepared by methods (a) and (b) were 
used, a small yellowish-brown spot not initially visible on 
chromatograms of the extracts appeared with the reaction 
mixtures after the longer incubation periods. In position 
and colour this new spot exactly reproduced the behaviour 
of IV, and was inseparable from IV in all four chromato- 
graphic solvents listed above. No new spot was seen when 
the reaction mixtures were immediately treated with 
ethanol and when the extracts alone were incubated since 
the amounts of IT contained in them were small compared 
with the amount of II normally added. Similarly no new 
spot was produced when boiled extracts were employed. The 
new spot thus appeared to be produced from II and was 
probably identical with IV. Not more than 10% of the II 
added appeared to have been converted to the new com- 
pound, and manometric measurement of any CO, simul- 
taneously produced would therefore have been impossible in 
such a slow reaction. The low decarboxylase activity of these 
extracts could explain the very low concentrations of IV 
compared with those of I and IT normally found in the intact 
groundnut plants. 

Other plant extracts. Extracts of other plant materials 
were prepared as in (b) above and the decarboxylase activi- 
ties of the extracts were qualitatively assayed by chromato- 
graphy as before, the size and intensity of the new amino 
acid spot produced being used as a guide to the amount 
produced during each incubation period. Such preliminary 
experiments indicated that extracts of barley roots and the 
fruits of a West African red pepper (Capsicum sp.) contained 
higher II decarboxylase activities than that found in any 
of the groundnut extracts. Using these extracts, II was 
decarboxylated at a rate sufficient to allow the CO, produced 
to be measured manometrically. 

Manometric measurement of the carbon dioxide produced 
during decarboxylation of II. (1) Experiments with Capsicum 
extracts: three small fruits were chopped and extracted 
as in (b) above. Samples (2 ml.) of final extract were 
placed in the main compartments of four Warburg flasks. 
0-5 ml. of a solution of II adjusted to pH 5-6 was placed in 
two of the side bulbs, whilst distilled water (0-5 ml.) was 
added to the side bulbs of the other two flasks to serve as 
controls. 0-2 ml. of 15% (w/v) KOH solution was added to 
the centre well of one control and one experimental flask. The 
fiasks and manometers were flushed with O,-free N, before 
transference to the thermostat bath (25°). After 15 min. the 
contents of the side bulbs were tipped, and manometric 
readings were taken every 15 min. until the reactions were 
stopped, immediately after the reading at 225 min. 1 ml. of 
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the reaction mixture was immediately withdrawn from each 
flask, pipetted into 2 ml. of ethanol and heated. The amounts 
of II remaining and of the new amino acid formed were 
determined in portions of the supernatants obtained after 
the removal of the precipitated proteins by the quantitative 
chromatographic procedure of Fowden (1951). In assaying 
the product amino acid, the assumption was made that this 
compound gave the same molar colour sensitivity with the 
ninhydrin reagent as that given by II. As stated earlier, the 
colour produced by these unsaturated compounds in the 
presence of excess ninhydrin was bluish purple and colori- 
metric readings were made at the usual wavelength of 
570 mu. The determinations indicated that the amount of 
the new compound produced was equivalent to 60-7 % of the 
amount of II initially added to each flask, and that 36-2% 
of the II remained unchanged when the reaction was termi- 
nated. At this time 63-0% of the CO, that would have been 
produced by complete decarboxylation of II had been 
liberated. 

(2) Experiments with barley-root extracts: roots taken 
from 15-day-old barley plants (Pioneer) grown in acid- 
washed sand were extracted by method (5). 2 ml. of the 
supernatant extract were introduced into the main com- 
partments of the Warburg flasks, the other manometric 
arrangements being the same as those used in the experi- 
ments with the Capsicum extracts. The reactions were 
terminated immediately after the reading taken at 165 min., 
when the new amino acid produced accounted for 60-5 % of 
the II initially present, whilst 40-8°% of the II remained 
unchanged. The CO, evolved was equivalent to a decarboxy- 
lation of 65-0% of the IT used. 

Both IV and the new compound produced from IT could 
be separated from 2-aminopent-4-enoic acid on one- 
dimensional chromatograms run in butanol-acetic acid 
mixtures. Since 2-aminopent-4-enoic acid would result 
from y-decarboxylation of II, it was concluded that the 
plant extracts were catalysing the loss of CO, from the 
a-COOH group of II. 


DISCUSSION 


The evidence presented makes it highly probable 


that IV is y-amino-x-methylenebutyric acid, 
COOH.C(: CH,).CH,.CH,(NH,), the product of «- 
decarboxylation of y-methyleneglutamic acid. The 
course of enzymic decarboxylation of IT is similar to 
that of glutamic acid (see Beevers, 1951). De- 
carboxylase activity for II appeared to be low in 
groundnut tissues and we also observed that glu- 
tamic decarboxylase activity was low. The products 
of decarboxylation, IV and y-aminobutyric acid, 
were both present in groundnut plants but only in 
very low concentrations. The fact that over 50% of 
the IT used could be enzymically decarboxylated by 
plant extracts probably indicated that the natural 
material isolated from groundnut plants and used 
here had the t configuration. 

As noted earlier, IV, like I and II and certain 
other synthetic unsaturated amino acids tested, 
reacted with ninhydrin to give spots of an abnormal 
yellowish-brown colour on chromatograms. There 
have been numerous reports in the literature of the 
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presence in plant extracts of similarly coloured spots 
of an unknown nature. It is perhaps premature to 
assert that some of these may finally be shown to be 
unsaturated amino acids, but an indication of un- 
saturation may rapidly be obtained by the following 
simple method. The plant extract containing sub- 
stances yielding an unknown spot or spots is 
desalted in the normal manner for 15—20 min.; a 
small amount of dilute hydrochloric acid may be 
added if the salt content is initially very low. A new 
chromatogram is then developed under similar 
conditions to the original one showing the one or 
more unknowns. If the unknown yellowish-brown 
spot or spots represented unsaturated amino acids, 
a new spot or spots, probably reacting normally 
with ninhydrin, will be seen on the chromatogram in 
positions very similar to those occupied by the 
original compounds. Since yellow spots on chro- 
matograms may also be due simply to the presence of 
salts (Consden & Gordon, 1948), it is essential that 
a new spot or spots should result after electrolytic 
reduction as above before unsaturation can be con- 
sidered as a probability. 

In conclusion, we would state that although IV 
has been shown to be present in hot 70% (v/v) 
ethanol extracts of freshly harvested material, it is 
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possible that some of the IV present in the ground- 
nut extracts from which it was isolated may have 
resulted by post-mortem change from the I and II 
also present, since enzyme activity was not com- 
pletely destroyed for some hours after the ground- 
nut plant tissue had been macerated. 


SUMMARY 


1. A third unsaturated amino acid has been 
isolated in small quantity from groundnut plants 
(Arachis hypogaea). Elementary analysis indicated 
the empirical formula C;H,O,N. 

2. Chromatographic and other evidence indi- 
cated that the new compound is probably identical 
with the product of enzymic decarboxylation of 
y-methyleneglutamic acid, y-amino-«-methylene- 
butyric acid (4-amino-2-methylenebutanoic acid). 

3. Extracts of the fruits of a Capsicum species 
(red pepper) and of barley roots possess high 
decarboxylase activity for the «-carboxyl group of 
y-methyleneglutamic acid. 


We wish to thank Mr V. Moses for his assistance in the 
manometric experiments and Miss A. E. Wright for technical 
assistance. 
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Experimental Liver Necrosis in Rats 


1. CHANGES IN LIVER, BLOOD AND SPLEEN GLUTATHIONE AND 
ASCORBIC ACID LEVELS IN DIETETIC LIVER NECROSIS 
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(Received 8 January 1953) 


Leaf & Neuberger (1947) reported that feeding rats 
with diets low in protein or sulphur-containing 
amino acids produced a marked and rapid fall in the 
reduced glutathione level of the liver to 20-30 % of 
the normal value. The authors stated that the 
original purpose of their work was ‘to find out 
whether the acute massive necrosis of the liver 
observed in rats reared on diets containing only 
traces of cystine and methionine is caused by a 
change in the composition of the liver with respect 
to sulphur’. As the diets failed to produce liver 
necrosis, the question could not be answered. 
Subsequent to this work it became evident that 
a deficiency, not only in sulphur-containing amino 
acids but also in tocopherol, was required to produce 
dietetic liver necrosis (Himsworth, 1950). 

In this laboratory, much work has been carried 
out on the conditions necessaty for rapid and con- 
sistent production of dietetic liver necrosis in rats 
(Himsworth & Glynn, 1944a,b; Himsworth & 
Lindan, 1949; Lindan & Himsworth, 1950). In the 
standard diet (called hereinafter a ‘necrogenic diet’) 
all the protein (7% of the diet) was provided by 
baker’s yeast, shown chemically to be deficient in 
cystine and methionine (Lindan & Work, 1951a), 
and the tocopherol content was about 1 mg./ 
100 g. diet. This diet produced liver necrosis in 
young rats in 12-55 (mean 28) days, provided that 
the rats had been subjected to preliminary toco- 
pherol depletion prior to weaning. When supple- 
mented with cystine or with tocopherol, the diet 
ceased to be necrogenic (Lindan & Himsworth, 
1950). 

This paper reports the effect of this yeast diet on 
the glutathione levels of livers, examined both 
before and after the development of massive 
necrosis. Estimations were made of both reduced 
glutathione (GSH) and oxidized glutathione 
(GSSG), since the obvious connexion between liver 
necrosis and tocopherol (an anti-oxidant) suggested 
that changes in the proportions of GSH and GSSG 
might occur in tocopherol deficiency. Ascorbic acid, 
another oxidizable compound, was also estimated. 

* Present address: Human Nutrition Research Unit, 
Medical Research Council Laboratories, Hampstead, 
London, N.W. 3. 


Water, nitrogen (total and non-protein), fat and 
glycogen estimations were also carried out. The 
interchangeability of tocopherol and_ sulphur- 
containing amino acids as preventive factors in liver 
necrosis led us to investigate liver glutathione levels 
in rats given the yeast diet supplemented with one 
or other of these factors. It was also of interest to 
find out whether the biochemical changes in necrotic 
livers were specific to that organ, or were a more 
general result of the illness and common to other 
tissues; accordingly spleen and blood were also 
examined. Preliminary figures have been reported 
already (Lindan & Work, 19516-d). 


EXPERIMENTAL 


Animals and diets. The animals used were Wistar albino 
weanling rats (wt. 34-46 g.) bred in the Medical School. 
Except for controls reared on stock cube diet (group I, 
Table 1), the rats were depleted of tocopherol prior to 
weaning by feeding the mother a low-tocopherol diet 
during the last 10 days of lactation (Lindan & Himsworth, 
1950). The diet given from weaning time had the following 
composition: dried baker’s yeast 18%, corn starch 73%, 
lard 5%, cod-liver oil 1%, salt mixture 3%. To this diet 
were added daily per rat the following amounts of vitamins: 
thiamine, 20yg.; riboflavin, 25yug.; pyridoxine, 20yg.; 
calcium pantothenate, 100 ng. This was the necrogenic diet 
used in previous experiments on liver necrosis (Lindan & 
Himsworth, 1950) except that lard was substituted for olive 
oil. Rats of groups III and VI were given this diet ad lib. 
unsupplemented; additional «-tocopherol acetate was 
given to group IV (2 mg./rat/day for the first 5 days of 
experiment) and to group V (200 mg./rat/day throughout 
the experiment). The effect of supplements of sulphur- 
containing amino acids (Table 2) was tested either by adding 
to the diet L-cystine and pi-methionine to concentrations 
of 0-13 and 0-11 % respectively (thus doubling the intake of 
these amino acids, Lindan & Work, 19515) and restricting 
food intake to 8 g. daily when it reached this level, or by 
adding L-cystine to a concentration of 0-63 % and feeding ad 
lib. Some rats were killed at the beginning of the experiments 
(group II, Table 1) and others at various times after 7 days. 
The rats which developed liver necrosis when fed the un- 
supplemented diet (group VI) were used for experiment if 
moribund or when found shortly after death (still warm). 

Analytical methods. The rats were killed by breaking the 
neck and were bled immediately by cutting either the 
throat or (when blood was required for analysis) the heart. 
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The blood (0-3-1-0 ml.) lying in the thorax was collected in 
a syringe and transferred to a weighed Potter homogenizer 
containing 3 ml. of 2-3% (w/v) sulphosalicylic acid. The 
abdomen was opened quickly and a piece of liver (0-8- 
10g.) was dropped into 8 ml. sulphosalicylic acid in 
a weighed homogenizer. If required, other portions of the 
liver were cut off for estimation of glycogen, N and water, 
the remainder was then removed from the abdomen and 
weighed; portions were used as desired for other examina- 
tions. This method of sampling livers was used for non- 
necrotic livers and necrotic ones in which the whole organ 
was of uniform macroscopic appearance. When the liver did 
not appear uniform, the different types of tissue were 
analysed separately; thus in some cases it was found either 
that certain lobes; usually the left, were haemorrhagic and 
the rest of the organ was congested but pale, or that a post- 
necrotic scarring had affected only part of the liver (Glynn & 
Himsworth, 1944). After removal of the liver the whole 
spleen was transferred to 3 ml. of sulphosalicylic acid in a 
weighed homogenizer. 

The tissues were minced immediately they were put into 
the sulphosalicylic acid, then the whole homogenizers were 
re-weighed to determine the weight of tissue used. Sufficient 
cold sulphosalicylic acid was added to bring the tissue/acid 
ratio to 1:10 (w/w) in the case of blood and liver. Spleens 
of the smaller rats often weighed less than 0-1 g.; since it was 
not practicable to maintain the same ratio, no further liquid 
was added. Precipitated protein was removed from the 
mince by centrifugation followed by filtration. During 
manipulations the extracts were kept when possible at 2°; 
their glutathione content was estimated within 2 hr. 

GSH was estimated by a modification of the iodometric 
titration method of Leaf & Neuberger (1947). Ascorbic acid 
was first removed from the tissue extract (1 or 2 ml.) by 
titration with a solution of dichlorophenol indophenol 
(equiv. to 0-02 mg. ascorbic acid/ml.) until a pink colour 
lasting 10 sec. was obtained; the titration figure gave a 
direct measure of the ascorbic acid content of the solution. 
Potassium iodate (0-005m in 2% sulphosalicylic acid con- 
taining 2%, w/v, potassium iodide) was added in excess 
(1-2 ml.), and back-titrated with thiosulphate solution 
(0-005M) using starch indicator. Standard solutions were 
prepared daily by diluting stock 0-1™ solutions. 

GSSG in liver extracts (3-5 ml.) was reduced electro- 
lytically by the method of Dohan & Woodward (1939) 
in a beaker (4 cm. diameter) immersed in ice-cold water; 
a current of 30ma, 30v, was passed for 20min. The 
difference between the iodate titration figures obtained 
before and after reduction gave the amount of GSSG 
present; dichlorophenol indophenol titrations were un- 
affected by reduction. 

Non-protein nitrogen (N.P.N.) levels in blood and liver 
were determined by estimating N in the sulphosalicylic acid 
extracts by the micro-Kjeldahl procedure. Water content of 
livers was estimated after drying weighed slices at 105° to 
constant weight. Fat was determined by the method 
described by Leathes & Raper (1925) which assays fatty 
acids and unsaponifiable lipids. Glycogen was estimated by 
the method described by Evans, Tsai & Young (1931) and 
by Murphy & Young (1932). 

Paper chromatography. Glutathione was identified in 
liver extracts by paper chromatography (Lindan & Work, 
1951 a), using the technique of Awapara (1948) for prepara- 
tion of extracts. A weighed portion of liver was minced in 
ten parts (w/v) of 75% (v/v) ethanol; the liquid, separated 
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by centrifugation, was shaken with 3 vol. CHCI,, and two 
layers were separated by centrifugation. The top (aqueous) 
layer (300ul., approx. equiv. to 0-1 g. fresh liver) was 
applied to filter paper (46 x 57 cm.) and subjected to two- 
dimensional chromatography, first in phenol:water (NH, 
atmosphere) and then in collidine:lutidine:water. Duplicate 
chromatograms were run, one on untreated extract, the 
other on extract oxidized with H,O, using ammonium 
molybdate catalyst (Dent, 1948). As a basis for comparison 
of the amount of glutathione present, the intensity and size 
of the H,0,-treated glutathione spot were compared with 
those of the glutamic acid spot. 

Histology. A sample of each liver was fixed in formalde- 
hyde (4%, w/v, solution in physiological saline) and stained 
with haematoxylin and eosin. Samples were also examined 
for fat after freezing and staining with Sudan III or IV. 
Other samples were fixed in absolute ethanol and stained for 
glycogen with Best’s carmine. 

Criteria for significance. Differences between means 
greater than 3 times the standard error of the difference 
were taken as significant. 


RESULTS 


Effect of feeding necrogenic diet on the levels of 
glutathione, ascorbic acid and non-protein nitrogen in 
liver before development of necrosis. The results of 
feeding necrogenic diet to weanling rats are sum- 
marized in Table 1, which gives the mean values for 
liver glutathione, ascorbic acid and N.P.N. esti- 
mations. 

The initial values are represented by the mean 
figures obtained from livers of five tocopherol- 
depleted weanling rats (group II); GSH + GSSG was 
227 mg./100 g. fresh liver with 2mg./100g. as 
GSSG. Livers of six normal weanlings reared on 
stock diet (group I) gave essentially similar values, 
the higher figure for GSSG (16 mg./100 g.) did not 
represent a significant difference. Feeding necro- 
genic diet, unsupplemented with tocopherol, caused 
a rapid fall in the liver GSH level, a value between 
42 and 66 mg./100 g. being reached by the 13th 
day. The rate of fall to this level was variable; in 
two out of seven livers examined between the 7th 
and 13th day of experiment, GSH had already 
reached the basal level, in four others it showed 
intermediate subnormal values, while one liver 
examined on the 7th day showed the nearly normal 
value of 160 mg./100 g. Since no further changes 
were found in the analyses of livers examined after 
the 13th day, it appeared that the basal level for 
maintenance on the necrogenic diet had been 
reached by this time; all figures obtained after the 
13th day were therefore averaged and are presented 
in Table 1, group III for ‘pre-necrotic’ livers. No 
figures in this group were obtained after 34 days of 
experiment, because all the remaining rats had 
developed liver necrosis by this time. The mean level 
of GSH was 53 mg./100 g. The values for GSSG 
were very variable, ranging from 9 to 48 (mean 21) 
mg./100 g., but showed a significant rise from the 
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initial level of 2 mg./100 g.; GSH + GSSG was much 
below the normal level. No significant change 
occurred in the N.P.N. levels during the experi- 
ment, and the proportion of N.P.N. represented by 
glutathione nitrogen was reduced to 6-7 % from the 
value of 18-7 % found for weanlings. The ascorbic 
acid contents of the livers dropped slightly (from 38 
to 27 mg./100 g.) during the first 13 days, and there- 
after showed no change. 

These pre-necrotic livers were larger than normal, 
calculated on 100 g. body weight basis; accordingly, 
to eliminate the effect of liver enlargement, all 
figures have been calculated both as mg./100g. 
liver and as mg./100 g. body weight. The small drop 
in ascorbic acid was found to be without significance 
on 100 g. body-weight basis; the individual vari- 
ability of the N.P.N. levels was so great that no 
significant changes could be detected in this fraction. 
The falls in both GSH and GSH + GSSG were highly 
significant on 100 g. body-weight basis. 

Effect of supplementing necrogenic diet with toco- 
pherol or sulphur-containing amino acids. The 
presence of tocopherol had no detectable effect on 
the liver changes produced by the necrogenic diet. 
The falls in levels of GSH and ascorbic acid between 
the 7th and 13th day of experiment resembled those 
occurring with unsupplemented diet and had ceased 
by the 13th day. The mean figures obtained after 
13 days for animals given five small doses of toco- 
pherol at the beginning of the experiment and none 
thereafter (group IV, Table 1) are not significantly 
different from those of the unsupplemented 
group III; the mean and the standard deviation for 
GSH figures are high because the group (six rats) 
includes one rat with a GSH level of 100 mg./100 g. 
at 14 days. Massive dosage with 200 mg. daily of 
tocopherol throughout the experiment also had no 
significant effect on the analytical figures (group V). 
Since tocopherol protected the animals against the 
development of liver necrosis, experiments of longer 
duration could be carried out in groups IV and V; 
they showed that even after 53 or 63 days on the 
diet, the liver GSH was no lower than after 14 days. 

Table 2 shows some analyses of livers from rats 
given the necrogenic diet supplemented with addi- 
tional sulphur-containing amino acids. In one 
experiment the dietary level of these amino acids 
was doubled; fed ad lib. from weaning, this diet 
maintained better growth and appetite than did the 
unsupplemented diet; in 35 days, average growth 
was 0-5 g. daily and food consumption rose from 
4 to 8g. daily; after this time, when food con- 
sumption was restricted to 8 g. daily, growth ceased. 
No necrosis developed during 87 days. Normal 
analytical figures were obtained on the liver of one 
rat killed after 55 days on.the diet, showing that the 
small supplement was sufficient to make good the 
deficiency of the necrogenic diet which caused the 
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Table 2. Effect of cystine and methionine supplementation of necrogenic diet on liver analysis 


No. Liver wt. 

Supplement to diet of Days (g./100 g. 

(g./100 g. diet) rats on diet body wt.) 
0-13 L-cystine and fl 55 5-17 
0-11 pL-methionine \3 85 5-04 
0-63 L-cystine 1 38 6-96 


Glutathione 
(mg./100 g. liver) Ascorbic 
—_—__—T——7 N.P.N. aa acid 
GSH+  (mg./100 g. T-G.N.* x 100 (mg. /100 g. 
GSH GSSG liver) N.P.N. liver) 
223 228 200 15-6 35 
146 155 206 10-4 32 
182 188 165 15-6 18 


* 7.G.N. =total glutathione nitrogen. 


Table 3. Analysis of individual heterogeneous necrotic livers and post-necrotic livers 


(mg./100 g. liver) 





Wt. of 
whole liver - 
oi ; (g./100 g. 

Condition of liver body wt.) GSH 

. {red portion ) ; 21 
Mocrotic | pale portion j ed 21 
roan-¢i, {red portion ) ’ ( 28 
Mnorotic | pale portion j - \ 87 
>t nacrntin normal lobe ) , { 192 
Post-necrotic t aehin. 4-8 90 
Post-necrotic scarring 6-6 190 
Post-necrotic scarring 6-9 101 
Post-necrotie scarring 3-4 178 


T.G.N.* x 100 


Ascorbic 
GSH + GSSG acid N.P.N. N.P.N. 

55 0 95 7-6 

58 0 92 8-3 

48 0 — oo 
125 18 100 6-5 
220 11 204 14-2 
135 0 145 12-3 
208 31 _- — 
126 55 100 16-6 
197 45 310 9-0 


* T.G.N. =total glutathione nitrogen. 


fall in GSH. Three other rats killed after receiving 
8g. diet daily for another 30 days showed slight 
lowering of GSH, probably due to the prolonged 
food restriction. 

A daily supplement of L-cystine (625 mg./100 g. 
diet) for 38 days also maintained a normal liver 
GSH level. 

Effect of necrosis on liver composition. The mean 
results on necrotic livers of uniformly haemorrhagic 
appearance, developing in rats fed necrogenic diet 
are given in Table J] (group VI). Because the com- 
position of necrotic livers was the same whether the 
organ was removed from a moribund rat or from 
a rat found dead but still warm, the analytical 
figures for the two types of livers are presented as 
one group. GSH had fallen to 22 mg./100 g., which 
is less than half the pre-necrotic level (group IIT). 
There was no change in the amount of GSSG present 
(24 mg./100 g.) and as a consequence the ratio 
GSSG:GSH had changed to 1:1 from the pre- 
necrotic value of 1:2-5. Necrotic livers were con- 
siderably larger in relation to body size than the pre- 
necrotic livers (7-94 g./100 g. body weight, as com- 
pared with 5-32 g./100 g. body weight); when this 
was allowed for by calculating the results on 100 g. 
body-weight basis, the level of GSH+GSSG was 
found to be unaltered by necrosis, but GSH level 
was significantly lower in necrotic than in pre- 
necrotic livers. Although the resultant mean for 


GSSG/100 g. body weight, was apparently raised in 
necrosis (2-13 compared with 1-16 mg. for pre- 
necrotic), the standard deviation (+1-13) was so 
great that the difference had no statistical signi- 
ficance. 

The N.P.N. figure was reduced by necrosis from 
150 to 94 mg./100 g., but when calculated on 100 g. 
body weight basis, the pre-necrotic and the necrotic 
levels were similar, as in the case of GSH+ GSSG. 
It follows that the proportion of N.P.N. represented 
by total glutathione nitrogen was unchanged by the 
development of necrosis. Extracts of necrotic livers 
appeared to contain no ascorbic acid, according to 
our method of titration; but added ascorbic acid 
titrated normally in these extracts. The extracts 
from all necrotic livers examined were water-clear, 
in contrast to the cloudy appearance of extracts of 
normal or pre-necrotic livers. This difference was 
shown histologically to be due to the absence of 
glycogen from necrotic livers. 

When the liver was not uniformly haemorrhagic, 
samples of different appearance were analysed 
separately. Eight such necrotic livers were ex- 
amined; in four cases the analytical figures for the 
different types of tissue were similar, both being at 
the ‘necrotic level’. In the other four livers, only 
the haemorrhagic lobes showed ‘necrotic levels’ of 
GSH, N.P.N. and ascorbic acid; the pale portions 
had ‘pre-necrotie levels’ of GSH, but the ascorbic 
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acid was very much lowered and had even dis- 
appeared in some cases. This suggests that in 
necrosis the fall in ascorbic acid content preceded 
that of GSH. Examples of some of these results are 
given in Table 3. 

Analyses were also carried out on livers which 
showed macroscopically that an acute attack of 
necrosis had been overcome and the lobe was now 
developing post-necrotic scarring. Results on four 
such livers are included in Table 3. The figures were 
very variable but the values for GSH (90-192 mg./ 
100 g.) were much higher than the pre-necrotic 
figures. There was unusual variation in N.P.N. and 
also in the glutathione N/N.P.N. ratio, which was 
always higher than the pre-necrotic figure. Ascorbic 
acid concentration was usually raised, except in one 
case where one lobe had a content of 11 mg./100 g. 
and the other lobe had none. 

Gross chemical changes in pre-necrotic and necrotic 
livers. Water, total nitrogen, fat and glycogen 
analyses were carried out on tocopherol-depleted 
weanling rats and pre-necrotic rats fed the necro- 
genic diet. The results (Table 4) show that pre- 
necrotic livers had subnormal water and nitrogen 
concentrations, but markedly raised fat contents. 
The glycogen concentration was the same as in 
normal livers. Calculated on 100g. body-weight 
basis, the nitrogen content was the same as in the 
weanling controls, but the water content was higher. 
Figures for necrotic livers show a further marked 
rise in water content and a slight rise in nitrogen 
when calculated on 100 g. body-weight basis. 

Histological examination of liver. The pre-necrotic 
livers of rats killed after 13 days or more on the un- 
supplemented necrogenic diet showed the following 
picture. In the sections stained with haematoxylin 
and eosin, nuclei stained well, but the cytoplasm 
was paler than in normal liver cells and in some parts 
of the liver it hardly stained at all. As a result of 
this, the liver cords and sinusoids were not well 
defined. Kiipfer cells were of normal appearance, 
and there was no cellular infiltration. Staining for 
glycogen and fat revealed normal distribution of 
glycogen granules and the presence of fatty in- 
filtration (mostly mid-zonal). This picture of pre- 
necrotic liver agreed well with that found by Abell, 
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Beveridge & Fisher (1950) in their animals given 
a similar diet. 

Tocopherol supplementation of the diet did not 
affect the histological picture of pre-necrotic livers, 
Supplementation with cystine and methionine 
resulted in normal staining of the protoplasm and 
the absence of fatty infiltration. Addition to the diet 
of L-cystine alone resulted in liver cytoplasm which 
stained normally and in increased fatty infiltration. 
Necrotic livers conformed to the description given 
by Himsworth & Glynn (1944a); no glycogen was 
detected. 

Paper chromatography. Chromatograms of ex- 
tracts from normal livers showed, in addition to 
a large number of spots due to amino acids, strong 
spots corresponding in position to glutathione 
(Lindan & Work, 195la). After oxidation, the 
single glutathione spot was of maximum colour 
intensity and considerably bigger than the glutamic 
acid spot. In the extract from a pre-necrotic liver, 
the glutathione spots were weaker than normal, and 
after peroxide treatment the glutamic acid spot was 
stronger than the glutathione spot. Glutathione 
was hardly detectable in necrotic liver extracts, but 
after oxidation it gave a weak spot. 

The spot due to cysteic acid was rarely seen in 
chromatograms of oxidized extracts from normal 
and pre-necrotic livers. In extracts of necrotic liver, 
the cysteic acid spot was more often present than in 
normal livers, but was weaker than the glutathione 
spot. One necrotiv liver which did not show the 
usual very low titration for GSH gave a cysteic acid 
spot stronger than the glutathione spot; in view of 
this finding the case was not included in the averages 
for necrotic livers. 

Levels of glutathione, ascorbic acid and non-protein 
nitrogen in spleen and blood. The effects of feeding 
necrogenic diet with or without supplements, on the 
composition of spleen and whole blood are shown in 
Table 5. The small size of the spleens only allowed 
values to be obtained for GSH and ascorbic acid. 
The normal group of rats is made up from three 
weanlings and four adult rats fed stock diet; all of 
them gave approximately similar figures for spleens, 
with means of 114 mg./100 g. for GSH and 38 mg./ 
100 g. for ascorbic acid. Feeding necrogenic diet 


Table 4. Gross chemical changes in the liver of rats fed necrogenic diet 


Liver wt. 
(g./100 g. 
body wt.) Water 


4-43 71 


No. 
State of of 
liver rats 
Normal 8 
(tocopherol- 
depleted 
weanlings) 


nitrogen 


(g./100 g. liver) 
a 


Fat 
2-55 3-7 


(g./100 g. body wt.) 


eats saesielinacmiatNecie 


Total 
nitrogen 


0-116 


Water: 
protein 
ratio 


4-73 


é ie 
Protein 
nitrogen 


0-108 


Glycogen Water 
3-9 3-19 


0-118 0-110 


1-99 16-3 
1-94 — 


Pre-necrotic ’ 65 


Necrotic 80 0-131 0-119 








153 


ren. 


10t 


ie 


ine 
nd 
iet 








Vol. 55 GLUTATHIONE AND ASCORBIC ACID IN LIVER NECROSIS 559 
Table 5. Mean analytical results on spleen and blood of rats given the necrogenic diet 
with or without supplements 
(Figures in brackets indicate range.) 
Spleen analysis Blood analysis 
(mg./100 g. spleen) (mg./100 g. blood) 
C aes \ Tees as ’ 
Ascorbic GSH N.P.N. 
Diet State of liver No. of rats GSH acid 
Stock Normal 7 114 38 22 34* 
(76-142) (28-47) (17-27) (33 and 35) 
Necrogenic with or without Pre-necrotic ll 67 31 15 38 
tocopherol (40-93) (21-47) (7-27) (25-51) 
Necrogenic Necrotic 6 77 31 15 93* 
(64-86) (21-46) (10-24) (88 and 98) 
Necrogenic with cystine Non-necrotic 5 116 36 21 42* 
(with or without methionine) (95-131) (19-44) (12-25) (40 and 43) 


* Two rats only. 


had no effect on the ascorbic acid level, but lowered 
the mean GSH level in pre-necrotic rats to 67 mg./ 
100 g., there being no difference between the groups 
with or without tocopherol. The development of 
liver necrosis had no appreciable effect on either 
GSH or ascorbic acid levels, which were similar to 
those found in the pre-necrotic group. Supple- 
menting the necrogenic diet with sulphur-containing 
amino acids kept the GSH of the spleen at its normal 
level. 

The size of blood samples and the low GSH 
titration figures did not allow reliable figures for the 
GSSG of blood to be obtained. The level of ascorbic 
acid was too low either to be estimated by the 
method used or to interfere with the GSH titration 
figures. The results on blood GSH were more 
difficult to interpret than in the case of spleen 
because the ranges for the different groups over- 
lapped, but they showed the same tendencies as 
spleen analyses. N.P.N. levels in the bloods of rats 
with liver necrosis were double the levels of normal 
or pre-necrotic rats. 

DISCUSSION 
Iodometric titration of deproteinized tissue extracts 
is admittedly not a specific method of estimating 
GSH, since all sulphydryl groups, whether free or 
in peptide combination, will be titrated. Leaf & 
Neuberger (1947) found that with normal rat livers, 
the figure (220 mg./100 g.) for GSH obtained by 
iodometric titration agreed reasonably well with 
that (183 mg./100 g.) resulting from the more 
specific manometric method of Woodward (1935). 
However, when the GSH content was lowered to 
54 mg./100 g. by protein deficiency, the difference of 
about 20 mg./100 g. between the two methods was 
significant. We have satisfied ourselves, by paper 
chromatography, that in liver extracts from our 
normal or ‘pre-necrotic’ rats, the amount of free 
cysteine and cystine present is negligible in com- 


parison with the glutathione present. In necrotic 
livers, we detected a slight rise in the proportion of 
cysteine or cystine. As cysteine raises the titration 
figure beyond the equivalent proportion to be 
expected (Leaf & Neuberger, 1947), its presence in 
necrotic livers would increase the glutathione 
titration figures; it is therefore possible that the 
true glutathione level in necrotic livers is even lower 
than we have estimated it to be. 

A spectrophotometric method which can dis- 
tinguish between GSH, cysteine, cysteinyl-glycine 
and y-glutamyleysteine has given lower liver GSH 
levels (127 mg./100g.) for normal rat livers 
(Binkley, Christensen & Wu, 1951). Cysteine di- 
peptides are reported to be absent but there were 
32 mg./100 g. cysteine plus cystine present. This 
result is hard to reconcile with our findings and those 
of Leaf & Neuberger and may be due to strain 
difference. Other levels reported in the literature 
for GSH lie between 170 and 220 mg./100 g. (Binet, 
Weller & Goudard, 1937; Turpin, Serane & Valletta, 
1938; Yamamoto, 1940; Ingbar, Otto & Kass, 1951) 
and are affected by the strain of rat (Leaf & Neu- 
berger, 1947). The individual variations found in 
normal animals are unusually great, and in view of 
the high metabolic turnover rate of GSH it is 
probable, as Leaf & Neuberger say, that ‘a single 
determination gives only a momentary glimpse of 
a rapidly changing situation’. 

The marked and rapid fall found by us in the 
levels of GSH in livers of rats fed the necrogenic 
diet is comparable to that obtained by Leaf & 
Neuberger on rats fed a diet almost devoid of 
protein. No further changes in GSH concentration 
were noted until liver necrosis occurred, when there 
was a further fall in GSH together with a virtual 
disappearance of ascorbic acid. 

The results on GSSG are more difficult to interpret 
because of the wide variation found in the levels 
even of normal rats. The normal figures quoted in 
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the literature vary between 0 and 40 mg./100 g. 
(Binet et al. 1937; Turpin et al. 1938; Yamamoto, 
1940); our figures for normal weanlings are in this 
range. Since these variable figures depend on the 
differences between two titrations, it seems unwise 
to draw any conclusions about the significance of the 
low mean value (2 mg./100 g.) found for the toco- 
pherol-depleted weanlings. Nor is it possible to 
assess whether the mean value of 21 mg./100 g., 
found in pre-necrotic livers, represents a true rise 
over the starting figure found for the depleted 
weanlings. In any case, the striking fact emerges 
that feeding the necrogenic diet caused a change in 
the ratio GSSG:GSH from the normal figure of 
1:11 to the pre-necrotic one of 1:2-5, development 
of necrosis resulted in a further change in the ratio 
to 1:1. Study of the N.P.N. figures showed that in 
necrotic livers losses had occurred, not only in 
glutathione and ascorbic acid, but also in the whole 
N.P.N. fraction. 

When related to body weight, necrotic livers 
were about one and a half times the size of pre- 
necrotic livers. When the increase in size of necrotic 
livers was allowed for by calculating the results on 
100 g. body-weight basis, there was still a fall in 
GSH in necrotic livers, but the amount of GSH + 
GSSG appeared to be unaffected by the develop- 
ment of necrosis. Owing to the great variability in 
the figures for GSSG, it is not possible to say whether 
in the necrotic liver the final ‘fall in GSH was due to 
its conversion to GSSG, for the rise in amount of 
GSSG per 100 g. body weight was not significant. 
Therefore, although the fall in the necrotic livers of 
the GSH+GSSG concentration (per 100g. liver) 
may be only a dilution effect, the fall in GSH is not 
entirely caused by dilution. The drop from 30 to less 
than 1 mg./100 g. of ascorbic acid, could not be 
caused only by swelling of the liver. 

In order to determine if any of the changes found 
in pre-necrotic livers are directly related to those 
occurring in necrotic livers, it is necessary to consider 
the effect on liver composition of dietary changes 
known to be associated with cause or prevention of 
liver necrosis. Previous experiments by Leaf & 
Neuberger (1947) showed that supplementing a low 
protein diet with sulphur-containing amino acids 
would prevent the usual fall in liver GSH. In our 
experiments, smaller supplements of cystine and 
methionine just sufficient to double their level in the 
necrogenic diet, prevented both the development of 
liver necrosis, the pre-necrotic fall in liver GSH, and 
the histological changes associated with the 
pre-necrotic condition. Tocopherol supplements, 
although protective against liver necrosis for periods 
varying according to their size (Lindan & Hims- 
worth, 1950), had no effect on any of the changes 
found in pre-necrotic livers whatever the size of 
supplement. Different necrogenic diets in which the 
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percentage of yeast protein was raised or casein was 
substituted for yeast, all produced necrotic livers in 
which mean GSH, ascorbic acid and N.P.N. levels 
were similar to those reported in this communica- 
tion (Lindan, unpublished observations). In- 
sufficient data are available on the pre-necrotic 
analyses obtained on these diets, but it would seem 
that the pre-necrotic GSH levels were not as low as 
in the case of the 18 % yeast diet. This is due to the 
less marked deficiency in the sulphur-containing 
amino acids of these diets, a fact emphasized by the 
finding that spleens of rats which had developed 
necrotic livers on these diets showed normal GSH 
levels. It appears probable that the subnormal liver 
levels of GSH and the raised proportion of GSSG 
resulting from feeding the necrogenic 18% yeast 
diet, although a consequence of a deficiency in 
cystine and methionine, are not the direct cause of 
liver necrosis; they may be predisposing factors for 
the disease when associated with some additional 
unknown changes resulting from tocopherol de- 
ficiency. One can regard the pre-necrotic levels and 
the ratios of GSSG:GSH as the lowest values com- 
patible with life for the degree of amino acid 
deficiency imposed by the necrogenic yeast diet 
without reference to tocopherol content. Whether 
the final changes observed in necrotic livers are 
specifically due to the dietetic deficiency is discussed 
in the following paper (Lindan & Work, 1953). 

It should be pointed out that the levels of GSH in 
pre-necrotic and necrotic livers may vary from one 
strain of rat to another. Thus, we were unable to 
reproduce these figures on rats bred in the Hamp- 
stead Medical Research Council Laboratories. 
However, the general trend of GSH changes was the 
same; there was an initial drop to a pre-necrotic 
level; this was maintained until necrosis occurred 
and then fell further to a necrotic level. 

Information obtained from determination of the 
gross chemical composition of livers shows that the 
necrogenic diet was also deficient in lipotropic 
factors; variable degrees of fatty infiltration found 
in pre-necrotic livers confirmed the findings of 
Abell & Beveridge (1950). Supplementing the diet 
with cystine and methionine prevented both liver 
necrosis and fatty infiltration, while cystine alone, 
although preventive of necrosis, accentuated fatty 
infiltration. This is in agreement with the well known 
fact (Himsworth & Glynn, 1944a) that liver necrosis 
and fatty infiltration are two unrelated lesions. The 
increase in size of pre-necrotic livers is accounted 
for by accumulation of fat and a little water; on the 
other hand, the swelling of necrotic livers can be 
calculated as due to uptake by pre-necrotic livers of 
a fluid containing about 3-4 % protein. This figure 
is much lower than that of 9-3% given by Hims- 
worth & Glynn (1945) for adult rats developing 
necrosis. 
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The final changes in composition of necrotic livers 
appear to be directly associated with the develop- 
ment of necrosis and may be confined to the portions 
of the liver first affected by the disease. In some 
eases of liver necrosis, in which one liver lobe was 
more haemorrhagic than the others, the final 
changes in GSH occurred only in the more hae- 
morrhagic lobe; the paler lobes showed the usual 
pre-necrotic GSH levels, although their ascorbic 
acid levels were at or near those of the necrotic 
state. 

It is tempting, but unrewarding, to speculate on 
the inter-relationship between tocopherol, ascorbic 
acid, GSSG and GSH. Tocopherol is an anti- 
oxidant, and it was therefore surprising to find that 
it had no effect on the levels of GSH and ascorbic 
acid, both easily oxidizable substances. It is, 
however, interesting to note that Dam & Granados 
(1951) have obtained complete protection from 
dietetic liver necrosis by including methylene blue 
in a necrogenic diet. 

There is another point, apart from the problem of 
necrosis, which is worth noting from our results. 
GSH values well above the pre-necrotic figures were 
found in all lobes which had signs of recovery from 
an acute attack of necrosis (post-necrotic scarring). 
This is suggestive that in these lobes regeneration 
was occurring, since raised GSH levels are known to 
occur in regenerating liver (Binet, Rouvillois & 
Bargeton, 1939; Christensen, Rothwell, Sears & 
Streicher, 1948; Ferarri & Harkness, unpublished 
observations). 


SUMMARY 


1. Investigations were made on the effect of 
feeding a necrogenic diet, containing 18 % of baker’s 
yeast, on the composition of liver, spleen and blood 
before and after development of liver necrosis. 

2. Reduced glutathione was lowered in 13 days 
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to one-quarter of the normal value; it remained 
unchanged until necrosis developed, when it fell 
further to one-tenth of its normal value. 

3. Owing to the variability of oxidized gluta- 
thione values, no conclusion could be reached as to 
any changes found in them. Significant changes 
occurred in the ratio of oxidized to reduced gluta- 
tione. 

4. Ascorbic acid was slightly lowered in pre- 
necrotic livers and could not be detected in necrotic 
livers. 

5. The proportion of non-protein nitrogen repre- 
sented by total glutathione nitrogen was lowered in 
pre-necrotic livers to one-third of its normal value 
and remained unchanged during necrosis. 

6. Supplementation of the necrogenic diet with 
sulphur-containing amino acids maintained the 
liver glutathione at its normal level, but tocopherol 
had no effect, although it prevented necrosis. 

7. The histological picture of pre-necrotic liver 
showed changes commonly associated with low- 
protein diets, and was not changed by additional 
tocopherol in the diet. Cystine and methionine 
supplementation resulted in normal appearance of 
the liver. j 

8. The reduced glutathione level in spleen was 
halved in rats given the necrogenic diet and did not 
change further during liver necrosis; it was restored 
to normal by supplementation with sulphur- 
containing amino acids. Reduced glutathione values 
of blood were very variable but showed a similar 
trend. 

9. Ascorbic acid was normal in spleen even when 
it was absent from the necrotic liver. 


Our thanks are due to Sir Harold Himsworth for his 
valuable advice and encouragement in this work. We are 
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Medical Research Council. 
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TO ACUTE CIRCULATORY CONGESTION IN RELATION TO THE 


Dietetic liver necrosis in rats is produced by a double 
deficiency of sulphur-containing amino acids and 
tocopherol (Himsworth, 1950). The condition is 
characterized by a latent period during which the 
animal appears normal, although receiving the 
deficient diet, followed by a sudden onset of illness 
resulting in death within a few hours. A theory 
which has been suggested (Himsworth, 1950) for the 
mechanism of production of this liver lesion is as 
follows: after the latent period, acute swelling of the 
parenchymatous cells develops, causing obliteration 
of the sinusoids and impairment of circulation 
which subsequently leads to death and autolysis of 
the cells followed by haemorrhages into the organ. 
Biochemical changes have been noted in these 
necrotic livers affecting the levels of water, protein, 
non-protein nitrogen, glycogen, phospholipids, 
cholesterol, glutathione and ascorbic acid (Hims- 
worth & Glynn, 1945; Abell & Beveridge, 1950; 
Lindan & Work, 195la,b, 1953). The question 
arises as to whether these changes were specifically 
connected with the dietetic lesion, or were simply 
the result of death of the cell. 

In the preceding paper (Lindan & Work, 1953) it 
was shown that there were two successive falls in the 
level of reduced glutathione (GSH) of the liver of 
rats fed the necrosis-producing diet. The prelimi- 
nary fall was at the beginning of the latent period 
and was the result of the deficiency in sulphur- 
containing amino acids. The second fall occurred on 
development of liver necrosis, but there was no 
certainty whether it was due to exhaustion of 
reserves of these amino acids or whether it was the 
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precipitating factor for liver necrosis. As lowered 
GSH levels in rabbit livers were found after ligature 
of the bile duct or part of the blood supply (Binet, 
Weller & Goudard, 1937; Binet, Rouvillois « 
Bargeton, 1939), it was possible that various forms 
of liver damage unconnected with dietetic de- 
ficiencies might well result in falls in liver GSH. 
Further, the absence of ascorbic acid noted by us in 
necrotic livers of dietetic origin was not directly 
connected with the dietary deficiencies, since little 
change in ascorbic acid occurred during the latent 
period on the deficient diet. It seemed therefore of 
interest to determine whether the very low liver 
levels of GSH and ascorbic acid found in dietetic 
liver necrosis were confined to livers rendered 
necrotic by dietary means, or occurred also in some 
other type of liver damage. 

This problem could be investigated if other types 
of acute liver necrosis could be obtained without 
the complication of prolonged dietary deficiency. 
Experimental liver necrosis can be caused by poisons 
or infections, but it was desirable to avoid such 
complicating factors. Accordingly, we produced 
a necrosis by means of an acute circulatory de- 
rangement in a normal liver lobe by lightly ligating 
its base; this operation obstructed outflow of blood 
more than inflow and resulted in acute congestion 
of the lobe followed by haemorrhages into the 
parenchyma and death of liver cells. The non- 
ligated lobes of the liver were not grossly damaged 
and the animal continued alive throughout the 
experiment, thus allowing an investigation to be 
made on changes taking place in the dead or dying 
liver remaining in the living body. It is realized that 
the necrotic condition ‘produced in this way is not 
directly comparable to dietetic liver necrosis, firstly 
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because the circulatory derangements causing the 
necroses are of different types, and secondly 
because they are superimposed, in the one case on 
a normal liver, and in the other case on a liver 
showing signs of nutritional deficiency. Neverthe- 
less, the experiment enabled us to ascertain 
whether death, through circulatory congestion, of 
the lobe in the living body, resulted in a liver com- 
position similar to that which we had found in 
dietetic liver necrosis, especially with regard to the 
extremely low levels of GSH and ascorbic acid. The 
possibility of loss of diffusible metabolites from the 
necrotic liver surface into the abdominal cavity was 
also investigated by examining the composition of 
excised liver lobes, either left to autolyse in the 
abdominal cavity, or autolysing in vitro for the 
same time. 


METHODS 


Experimental animals. Wistar stock rats, body weight 
200 g., bred in the Medical School, were used. All experi- 
ments were carried out with ether anaesthesia. In six rats 
the ‘base’ of the left lobe of the liver was lightly ligated 
so as to produce impairment of venous outflow and a 
visible congestion in a few minutes. The abdomens were 
then closed and the rats were killed 4-21 hr. after operation. 
In two rats, the left lobe was doubly ligated and after 
amputation between the ligatures it was left free in the 
abdominal cavity; the abdomen was then closed and the 
rats kept for 17 hr. before killing. When the livers were 
removed for analysis, the left lobes were examined 
separately. In one case, the rat was killed and the left 
lobe of the liver was excised under sterile conditions, and 
incubated for 17 hr. at 37° in a closed Petri dish in an 
atmosphere kept damp by a piece of wet cotton wool. 

Analytical methods. The methods used for examination of 
the liver are described in the preceding communication 
(Lindan & Work, 1953). 


RESULTS 


Chemical examination. Table 1 shows results of 
various forms of treatment of the left lobe. They are 
compared (1) with those of the remaining untreated 
lobes examined at the time of killing, (2) with 
control figures obtained from adult stock rats and 
(3) with figures from livers of rats with dietary 
necrosis (Lindan & Work, 1953). When the left lobe 
was ligated it increased rapidly in size and some- 
times doubled its weight. A marked fall in GSH 
occurred even within 4 hr., and after 11—21 hr., it 
had dropped to 14-46 mg./100 g., this level being 
similar to that (15-28 mg./100 g.) found in necrotic 
livers of dietetic origin. There was no significant 
change in concentration of oxidized glutathione 
(GSSG). The ascorbic acid values were much 
lowered after 4 hr., while after 11 or more hours of 
ligature no ascorbic acid was detected, as was the case 
in necrotic livers of dietary origin. Ligature caused 
a fall of 50% in non-protein nitrogen (N.P.N.), 
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as did dietetic necrosis, and the total glutathione 
nitrogen was 8 % of non-protein nitrogen in ligated 
lobes as compared with 16% in normal controls. 
Changes in water and total nitrogen contents 
similar to those found in dietetic liver necrosis 
were noted only after prolonged ligature (21 hr.), 
when the water level was raised and nitrogen level 
was lowered. Glycogen was already absent 4 hr. 
after ligature as indicated by clarity of the sulpho- 
salicylic acid extracts and by histological examina- 
tion. 

The analytical figures for the non-ligated part of 
the liver cannot be regarded as normal because of 
the general disturbances caused by the operation, 
but they show small changes in comparison with 
those found in the ligated left lobes. The notable 
changes were slight falls in GSH and N.P.N. after 
11 hr. and a rise in GSH after 21 hr. 

The results on amputated lobes depended on 
whether autolysis occurred in the abdomen or in 
vitro. The lobes left in the adbomen lost weight and 
the GSH contents were reduced to the very low 
levels of 10 and 15 mg./100 g. The figures found for 
GSSG did not represent true GSSG as they were not 
confirmed by chromatography (see next section). 
Ascorbic acid had disappeared, N.P.N. and total 
nitrogen were also lowered and water content was 
raised. The composition of the lobe incubated in 
vitro showed no similarity to any other liver 
analyses. Ascorbic acid was almost unchanged 
(27 mg./100 g.); N.P.N. was raised to 836 mg./100g.; 
the iodometric titration figures before and after 
reduction corresponded to levels for GSH and GSSG 
of 145 and 135 mg./100 g. respectively, but again 
chromatography revealed that they could not be 
relied on because of the presence of large amounts 
of cystine or cysteine. 

Chromaiographic examination. Chromatograms 
from peroxide-treated extracts of the left lobe 
which had been ligated 4 hr. showed a glutathione 
spot about equal to the glutamic acid spot, and also 
a definite cysteic acid spot. The livers ligated for 
longer periods were not examined chromato- 
graphically. In the case of the amputated lobes 
autolysing in the abdominal cavity for 17 hr., no 
glutathione or cysteic acid spots were visible; the 
high glutathione values found by titration in the 
remaining liver were confirmed, as the glutathione 
spot was unusually large and intense, while the 
cysteic acid spot was negligible. 

Examination of extracts of the liver which had 
been autolysed in vitro had to be carried out on one- 
fifth of the normal amount of extract, because of an 
enormous excess of free amino acids. Even at this 
low level, the glutathione spot was apparent, but 
was only about one-third the strength of the cysteic 
acid spot, showing that cystine or cysteine was 
present in excess. 
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Table 1. Composition of livers rendered necrotic by different means 


(Figures represent values for individual rats except where otherwise stated.) 


Dietetic 
—, necrosist 


Autolysis 











































Treatment of lobe None None Ligated None 
4 hr. 
Lobe Left Others Left Others 
Wt. of lobes 1-16 2-74 2-00 3-00 
(g./100 g. body wt.) 1-57 3-43 
GSH (mg./100 g. lobes) 195 195 88 190 
78 153 
GSSG (mg./100 g. lobes) 10 10 12 8 
30 10 
GSH (mg./100 g. body 2-26 5°35 1-76 5-70 
wt.) 1-22 5-25 
Ascorbie acid 37 37 9 47 
(mg./100 g. lobes) 2 29 
N.P.N. (mg./100 g. lobes) 178 178 102 246 
158 212 
N.P.N. 2-06 4-87 2-04 7-38 
(mg./100 g. body wt.) — 2-04 7-26 
§T.G.N. x 100 15-8 15-8 13-5 11-0 
N.P.N. — 94 105 
Water (g./100 g. lobes) 70 70 =e = 
- 68 71 
Total N 3-30 3°30 — 
(g./100 g. lobes) —_ 
Water 0-81 1-91 — 
(g./100 g. body wt.) - — 1-07 2-45 
Total N 0-09 — 


0-04 : 
(g./100 g. body wt.) _ . a 








* Mean of three rats. 






Histological examination. The ligated lobes 
presented varying degrees of congestion and of 
liver-cell necrosis. Lobes examined after 4 hr. 
showed distention with blood both of vessels in 
portal tracts and the sinuses. Liver-cell cords were 
preserved, but the protoplasm stained pale and was 
finely vacuolated. Nuclei were normal in the 
majority of liver cells but some were pyenotic. 
Lobes examined after 11 and 21 hr. showed ex- 
tensive haemorrhages into the liver parenchyma. 











ee eee aa 
Ligated None Ligated None Excised None 
1] hr. 21 hr. and left in 
abdomen 
17 hr. 
Left Others Left Others Left Others All 
2-54 2-51 1-34 1-72 0-86 2-72 7-94 
ps , 1:96 2:72 061 3-77 ay 
_ 2-00 3-77 — — — 
21 119 33 287 15 273 22 
— 14 273 10 268 _ 
: ; 46 268 . : 
ll 9 37t 24 
-- 9 47% _— 
_- 11 10 — 
0-53 2-83 0-44 4-94 0-13 7-80 1-85 
0-27 7-42 0-06 7-20 
— - 0-52 10-02 - _ = 
0 2) 0 31 0 26 0 
oe 0 34 0 23 — 
= 0 35 — - -- 
76 122 72 191 73 94 
- -- 80 _- = 
- 92 260 — — 
1-98 3-06 0-96 3-28 0-63 7-56 
- 0-49 — 
-- - 1-84 9-70 - - — 
83 21-2 9-8 6-8 
: J 9-8 g 
- - 8-3 14-5 - -- -- 
70 73 71 83 72 80 
—- — 83 71 -— —_— 
— _- 81 72 — — _— 
3-50 _- —- 3°85 2-30 4-00 1-94 
_— 2-60 3°85 - —_ 
Ri 2-73 is 2 _ 
1-78 1-83 1-22 0-72 1-96 5-40 
— ~- 1-63 1-93 — — 
— — 1-62 2-72 — _- — 
0-09 —— -— 0-07 0-02 0-11 0-13 
- 0-05 0-10 —- - _ 


= 0-04 oe =~ 


+ Mean of four to eight weanling rats, see Lindan & Work, 1953. 
{ Values unreliable, not confirmed by chromatography. 
§ T.G.N. =total glutathione nitrogen. 


Liver cells were compressed to disintegrating bands 
occupying only half of the microscopic field. 
Protoplasm was of uniform appearance but stained 
very poorly and nuclei were visible only in some liver 
cells. There was a marked infiltration of liver 
parenchyma with polymorph-like cells. The lobes 
which were not ligated had a fairly normal appear- 
ance. Some cells showed signs of mitosis, specially 
in rats killed after 11-21 hr. The amputated lobe 
left in the abdominal cavity presented a picture of 
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shrunken liver cells lying in bands. Sinusoids looked, 
therefore, enlarged and contained homogeneous 
material which stained like protoplasm. Nuclei 
were pycnotic or showed signs of karyorrhexis. 


DISCUSSION 


There were many similarities between the composi- 
tions of livers rendered necrotic, either by circu- 
latory congestion, or by dietary deficiency of 
sulphur-containing amino acids and tocopherol. 
The resemblances were particularly striking in 
regard to the low concentrations of GSH and the 
absence of ascorbic acid, but the levels of total 
nitrogen and N.P.N., water and glycogen were also 
comparable. These biochemical similarities between 
the two types of liver damage were apparent, 
despite the facts that the liver composition before 
the onset of necrosis was normal in one case and 
abnormal (pre-necrotic) in the other; that the 
mechanisms of production of necrosis were not 
identical, and that the final histological pictures 
were different. The findings in the two types of 
necrosis can be interpreted in several ways. The 
similarities in composition might be coincidental, 
resulting from two completely different patho- 
logical processes ; or the final low levels of GSH and 
ascorbic acid might be found in several types of 
severe liver damage and might represent the result, 
either of a common biochemical lesion initiated by 
different means, or of general changes occurring in 
the dying or dead liver left in the living body. The 
last interpretation seemed to be more probable in 
the light of experiments described in this paper. 
When the normal liver was ligated the level of 
GSH dropped from 195 to about 30 mg./100 g.; 
when liver necrosis occurred in rats fed the necrosis- 
producing diet, GSH fell to 22 mg./100 g., but in this 
case the starting pre-necrotic level was only 53 mg./ 
100 g. Thus the final level attained in necrosis was 
independent of the liver GSH level before the onset 
of necrosis. The fall in the ascorbic acid level in both 
types of liver damage preceded that of GSH, 
suggesting that the biochemical changes in the two 
types of necrosis were caused by similar mech- 
anisms. These final changes in GSH and ascorbic 
acid were found only in the damaged liver lobes and 
were not generalized throughout the body. It 
should be pointed out that excised normal liver 
lobes left to autolyse in the abdominal cavity 
showed GSH and ascorbic acid levels similar to 
those of congestive and dietetic necrosis. Appar- 
ently, in all three circumstances there was a loss of 
diffusible substances from the damaged liver surface 
into the abdominal cavity; this was borne out by a 
fall in N.P.N. in all cases. The liver excised and left to 
autolyse in vitro at 37° showed a completely 
different picture involving a tremendous rise in 


GLUTATHIONE AND ASCORBIC ACID IN LIVER CONGESTION 


565 


N.P.N. and almost no loss of ascorbic acid; the 
changes were concomitant with general proteolysis 
occurring under conditions where breakdown 
products were not removed. Drochmans (1950), 
investigating changes in liver phosphates and 
nucleic acids following ligature or autolysis in vitro, 
also came to the conclusion that ligated lobes lost 
diffusible metabolites in contrast to the tissue auto- 
lysing in vitro. We could not investigate autolysis in 
situ in the dead normal animals over a prolonged 
period because of general bacterial action in the 
abdomen, but we found no changes in liver GSH or 
ascorbic acid two hours after killing. This stability 
of liver GSH was accounted for by the work of 
Neubeck & Smythe (1944) showing that the enzyme 
which specifically hydrolyses GSH was absent 
from rat livers, although very active in other 
animals. 

The livers rendered necrotic either by dietary 
deficiency or by circulatory congestion increased in 
size, and the changes in their protein and water 
contents could be explained by accumulations of 
a protein solution derived from blood. In contrast 
to this, the changes in GSH and aseorbic acid could 
not be attributed to the dilution effect. 

In conclusion, it is possible that the final falls in 
GSH and ascorbic acid occurring in all three types of 
necrotic livers investigated (circulatory congestion, 
dietary deficiency and excision) were due to general 
biochemical changes taking place in the dying or 
dead liver left in the living body. Since a dietary 
deficiency in sulphur-containing amino acids is one 
of the factors necessary for the production of 
dietetic liver necrosis, the question has arisen 
whether any changes found in respect of the sulphur- 
containing fractions of necrotic livers could explain 
the disease (Leaf & Neuberger, 1947; Dent, 1947; 
Lindan & Work, 19516). The tempting theory that 
the final drop of liver GSH in necrosis of dietetic 
origin is due to exhaustion of reserves of sulphur- 
containing amino acids, and is therefore an ultimate 
cause of liver necrosis, has as yet no proof. 


SUMMARY 


1. The composition of liver lobes rendered 
necrotic by subjection to acute circulatory con- 
gestion was investigated and compared with that of 
necrotic livers of dietary origin. 

2. The levels of reduced glutathione, ascorbic 
acid, non-protein and total nitrogen, water and 
glycogen were found to be similar in both types of 
necrosis. 

3. The composition of amputated liver lobes 
left to autolyse in the abdominal cavity resembled 
that of necrotic livers, but an excised lobe 
autolysing in vitro showed no resemblance to 
necrotic livers. 
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4. As a result of the findings, the suggestion is 
put forward that the levels of glutathione and 
ascorbic acid found in dietetic liver necrosis could 
be the result of changes occurring in a dead or dying 
liver left in the living body, and were not specific 
consequences of the dietetic lesion. 
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The Effect of Calcium on the Respiratory and Phosphorylative 
Activities of Heart-muscle Sarcosomes 


By E. C. SLATER anp K. W. CLELAND 
Molteno Institute, University of Cambridge 


(Received 3 March 1953) 


A long recognized difficulty in the study of the 
enzyme systems which bring about oxidative 
phosphorylation is their great instability at tem- 
peratures above about 0°. The instability is particu- 
larly noticeable if the enzyme preparation is incu- 
bated before it is added to the reaction mixture 
which is used to demonstrate oxidative phosphory- 
lation. 

In studies of the oxidative phosphorylation 
systems in heart-muscle sarcosomes, the respiratory 
granules of heart muscle corresponding to mito- 
chondria in liver and kidney (Cleland & Slater, 
1953a, b), this instability was particularly trouble- 
some, especially when rat-heart sarcosomes were 
used. Paul, Fuld & Sperling (1952) have also ob- 
served this instability in heart-muscle ‘cyclo- 
phorase’ preparations. 

The inactivation of the respiratory enzyme 
systems is accompanied by marked morphological 
changes, which have been described in another 
paper (Cleland & Slater, 1953a). In that paper, it is 
shown that the rate of development of these 
morphological changes is greatly decreased by the 
addition of the chelating agent, ethylenediamine- 
tetraacetic acid (Versene). Further, as has already 
been reported in a preliminary communication 
(Slater & Cleland, 1952), the instability of the «- 
ketoglutaric oxidase system of the sarcosomes is due 
to calcium contained in the sarcosomal preparation, 





and the addition of ethylenediaminetetraacetic 
acid greatly stabilizes the system. The present 
paper describes these experiments in greater detail, 
and also deals with the mode of action of the 
calcium. A study was also made of the components 
of the reaction mixture used in oxidative phos- 
phorylation experiments, which, in the absence of 
ethylenediaminetetraacetic acid, confer limited 
stability on the enzyme systems. 

Calcium is a normal constituent of blood serum, 
and since the demonstration of Ringer (1883) that it 
is required for the beating of frog heart, it has often 
been included in the medium in studies of the 
respiration of tissue slices. It has frequently been 
observed, however, that the addition of calcium 
depresses the respiration of minces and dispersions 
made with ‘homogenizers’. An exception is the 
oxidation of succinate by ‘homogenates’, which was 
found by Axelrod, Swingle & Elvehjem (1941) to be 
stimulated by calcium. This was shown by Swingle, 
Axelrod & Elvehjem (1942) to be due to the acti- 
vating effect of calcium on the enzyme hydrolysing 
diphosphopyridine nucleotide (DPN). In_ the 
presence of DPN, fumarate, produced from 
succinate, is oxidized to oxaloacetate, and this is 
a strong inhibitor of succinic dehydrogenase (Das, 
1937; Keilin & Hartree, 1940; Pardee & Potter, 
1948). The destruction of DPN, accelerated by 
calcium, prevents the formation of oxaloacetate 
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and therefore causes increased oxygen uptake. 
Keilin & Hartree (1949) have described another 
type of calcium activation of the succinic oxidase 
system of heart-muscle preparations in phosphate 
buffer, using preparations which did not oxidize 
fumarate. In this case, the activation is caused by 
the formation of calcium phosphate gel which, like 
other similar precipitates, activates a dilute heart- 
muscle preparation by some physical action. 

Added calcium has also been recognized as an 
inhibitor of oxidative phosphorylation. This was 
first shown by Potter (1947) with rat-kidney ‘homo- 
genates’ and confirmed by Lehninger (1949), using 
rat-liver mitochondria. Lehninger thought that 
this might be due to the activation of adenosine 
triphosphatase (ATPase), but Potter (1947) had 
evidence that this could not be the only reason for 
the inhibition of the esterification of inorganic 
phosphate. Keltch & Clowes (1951) found that 
0-001 m-calcium chloride completely inactivated the 
a-ketoglutaric oxidase system of liver particles, 
and that this inactivation could be overcome by the 
addition of citrate. Our work is, however, the first 
to show that the known instability of the «-keto- 
glutaric oxidase system and oxidative phosphory- 
lation, in heart preparations at least, is due to 
calcium already present in the preparations. All 
the calcium in the heart is found in the sarcosomal 
preparations. 


METHODS 


Sarcosomal preparations. These were made as previously 
described (Cleland & Slater, 1953b). Different types of pre- 
parations are designated according to the components of the 
isolation medium, as described in that paper. 

Enzymic activities. The activities of the «-ketoglutaric 
oxidase system and the accompanying phosphorylation 
(P:O ratio) and of myokinase and ATPase were measured 
as in previous papers (Slater, 1953a; Slater & Cleland, 1953). 
Except where stated otherwise, the ‘isotonic reaction 
mixture’ (Slater & Cleland, 1953), containing fluoride, was 
used for the a-ketoglutaric oxidase system. The pH was 
7-05-7-4. When other oxidase systems were studied, 
fluoride and malonate were omitted from this mixture and 
the appropriate substrate (0-02M-pL-malate, 0-005m- 
oxaloacetate, 0-023-0-027M-succinate) replaced «-keto- 
glutarate. In some experiments, fluoride was included in the 
reaction mixture when succinate was the substrate. The 
concentration of sarcosomal protein was usually somewhat 
less and the amount of hexokinase/mg. sarcosomal protein 
more when succinate was substrate. The oxaloacetic acid 
used was kindly supplied by Dr I. Harary. 

Determination of the degree of inactivation. The sarcosomes 
were incubated, either alone or in the presence of some 
substance whose stabilizing effect was being tested, in the 
side bulb of a Warburg manometer flask. Unless stated 
otherwise, the sarcosomes were suspended in isotonic 
medium. After incubation for a specified period, the sarco- 
somes were tipped into the main compartment of the 
Warburg flask containing the reaction mixture and measure- 
ments of the O, uptake commenced. The degree of inactiva- 
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tion was calculated by comparison of the O, uptake with that 
given by a sample of the sarcosomal preparation added to 
the reaction mixture without any incubation. Since the 
ethylenediaminetetraacetic acid in the reaction mixture 
prevented any further inactivation, the inactivation 
measured was due wholly to the preliminary incubation. 

Determination of calcium. Calcium was determined on 
a solution of the ashed preparation, or on clear extracts 
without ashing, by the method of Debney (1952). The ash of 
one or two rat hearts or of the sarcosomes prepared from one 
or two hearts was dissolved in 0-5 ml. HCl (1 part conc. 
HCl +4 parts water), heated on a water bath for 20 min. to 
hydrolyse pyrophosphate and made up to 10 ml. with glass- 
distilled water. A sample of this solution (2-5 ml.) was 
diluted to 5 ml. with glass-distilled water and neutralized 
with n-KOH (litmus paper); 1 ml. N-KOH and 0-05 ml. of 
a saturated solution of ammonium purpurate were added 
and the mixture immediately titrated with 10-*m-ethylene- 
diaminetetraacetic acid until the colour matched that of 
a control prepared simultaneously with glass-distilled water 
in place of the solution to be analysed. The solution of 
ethylenediaminetetraacetic acid was standardized by 
titration against a standard solution of CaCl,, prepared by 
dissolving Iceland spar in HCl. The method was tested by 
ashing two samples (2 ml.) of saline-ethylenediaminetetra- 
acetic acid medium (see Cleland & Slater, 19535), one of 
which contained 1-19umoles CaCl,. No calcium was 
detected in the medium, while 1-23 pmoles were found in the 
sample with added calcium (recovery 103%). 


RESULTS 


Effect of incubation of heart-muscle sarcosomes on 
respiratory enzyme systems and on oxidative 
phosphorylation 

Table 1 describes an experiment on the effects of 

incubation of the sarcosomes for 15 min. at 25° on 

the ability of the preparation to oxidize «-keto- 
glutarate, succinate, malate and oxaloacetate, and 
to couple the oxidation with phosphorylation. It 
can be seen that the incubation inactivated by 
nearly 90% the oxidation of «-ketoglutarate and 
malate and markedly inactivated the phosphory- 
lating systems associated with the oxidation of 
malate and oxaloacetate. The effect on the P:O 
ratio with a-ketoglutarate as substrate was re- 
latively minor, while with succinate as substrate 
in this experiment the inactivation of oxidative 
phosphorylation was considerable but much less 
than with malate. In other experiments (see 

Table 7), the effect on the P:O ratio with succinate 

was greater. The relatively slow rate of oxidation of 

oxaloacetate was only slightly affected by the in- 
cubation. 

The increase of the rate of oxidation of succinate 
after incubation is very likely associated with a 
decreased concentration of oxaloacetate. Since the 
unincubated sarcosomes oxidize malate more 
rapidly than oxaloacetate, some oxaloacetate would 
accumulate and inhibit succinic dehydrogenase. As 
the effect of the incubation was to inactivate the 
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Table 1. Effect of incubation of heart-muscle sarcosomes on respiratory enzyme systems 
and on oxidative phosphorylation 


(Saline preparation from rat heart. Malonate and NaF present in reaction mixture only when «-ketoglutarate was 
substrate. Qo, (ul. O,/mg. sarcosomal protein/hr.) calculated from initial rates; P:O calculated from actual O, uptakes. 


Incubated: sarcosomes incubated 15 min. at 25°.) 


Substrate a-Ketoglutarate 


Control 


Qoz 90 
P:0 2-63 


Incubated 
Qo. 10 
P:0 2-13 
Inactivation (—) or activation (+) (%) 
Of Qo, -88 
Of P:O -19 


oxidation of malate with little effect on that of 
oxaloacetate, less of the latter would accumulate 
after incubation and hence the succinic dehydro- 
genase would be less inhibited. 

The high P:O ratio obtained with oxaloacetate 
as substrate is probably due to an anaerobic side 
reaction, since the disappearance of oxaloacetate 
greatly exceeded the oxygen uptake (oxaloacetate 
disappearance (ymoles): oxygen uptake (yatoms) 
=2-8 with unincubated,; 2-7 with incubated 
sarcosomes). 

Table 1 shows that the effect of incubation can be 
conveniently studied by following the effect on the 
a-ketoglutaric oxidase system. 


Inactivation of «-ketoglutaric oxidase system 


Fig. 1 shows that, at neutral pH, the «-keto- 
glutaric oxidase system was rapidly inactivated at 
15-5°, 10 min. being sufficient for 50 % inactivation. 
The inactivation proceeded steadily, without any 
lag period. This shows that traces of endogenous 
substrates, which would be rapidly oxidized, do not 
give any protection. 

The inactivation was very greatly affected by 
temperature, as is shown in Table 2. The prepara- 
tions were relatively stable at 0°; in fact the 
activity slightly increased after standing at 0° for 
a short time. Even at 15°, the inactivation was very 
rapid. There was no appreciable difference between 
the stability of the «-ketoglutaric oxidase system in 
isotonic saline or in sucrose preparations. 

Table 2 shows a marked species difference in the 
rate of inactivation, rat preparations being con- 
siderably less stable than those from the cat or pig. 
The rate of inactivation was only slightly affected 
by varying the pH between 6-8 and 8-0, or the 
tonicity of the suspending medium between 0-08- 
and 0-65-osmolar. 


Succinate 


180 
1-00 


286 
0-60 


+78 
-40 


Malate Oxaloacetate 
38 17 
1-97 4-20 


5 14 
0-33 


— 87 
—83 


Substances promoting stability of the 
a-ketoglutaric oxidase system 


Reaction miature. All the above experiments were 
carried out with the enzyme preparation suspended 
in ‘saline’, ‘phosphate-saline’ or isotonic sucrose 


100 


w 
o 


Inactivation (%) 


10 20 30 
Time (min.) 
Fig. 1. Rate of inactivation of the «-ketoglutaric oxidase 
system of rat-heart sarcosomes at 15-5°. Saline prepara- 
tion. 


media (see Cleland & Slater, 19536) without further 
addition. The «-ketoglutaric oxidase system is much 
more stable in the presence of «-ketoglutarate and 
those additional components required for optimum 
oxidation (adenine nucleotides, magnesium, cyto- 
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Table 2. Inactivation of «-ketoglutaric oxidase system 
of heart-muscle sarcosomes by incubation 


(Phosphate-saline, saline or sucrose preparations.) 


Incubation Inactivation (—) or 





conditions activation (+) (%) 
a By c a i oe = 
Temp. Time No. of 
Animal (°) (min.) expts. Mean Range 
Rat 0 30 1 +18 a 
14 10 1 — 26 _ 
15-5 10* 2 — 46 40-52 
25 10 6 — 86 75-94 
15 5 -91 88-94 
Cat 0 607 l +4 =a 
12007 l — 84 — 
25 10 1 -39 — 
L5t 1 -71 _ 
30¢ 1 -91 “ 
Pig 0 180 1 +9 _— 
25 5 l —16 —- 


* See Fig. 1 for other times. 
+ Same preparation. 
{ Same preparation. 


Table 3. Effect of omitting different components on 
protection afforded by reaction mixture to «-keto- 
glutaric oxidase system 


(See text for description of experiment. Saline prepara- 
tions from rat.) 
Inactivation (%) 


A 


Substance omitted from — 








see as 
otherwise complete mixture Expt. 1 Expt. 2 
None 13 34 
a-Ketoglutarate 13 
AMP 25 35 
ADP 40 — 
Phosphate 48 48 
NaF 29 = 
MgCl, 38 
Malonate _ 31 


chrome c). For example, the inactivation of rat 
heart-muscle sarcosomes after 15 min. at 25°, under 
these conditions, was only about 20%, compared 
with about 90 % inactivation when the enzyme was 
incubated alone. Cat and pig heart preparations are 
usually stable for about 30min. at 25°, in the 
presence of the reaction mixture (see Slater, 1950). 

Two types of experiments were carried out, in 
order to determine which components of the re- 
action mixture conferred stability on the «-keto- 
glutaric oxidase system of the sarcosomes. In the 
first, summarized in Table 3, the sarcosomal pre- 
paration, diluted to a concentration of about 1 mg. 
protein/ml., was incubated in the main compart- 
ment of a Warburg flask for 10 min. at 25° either 


with the complete reaction mixture or with the 
same mixture minus one of its components. The 
missing component was then added from the side 
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bulb together with ethylenediaminetetraacetic acid 
to prevent any further inactivation, and the oxygen 
uptake measured. A control with the complete 
reaction mixture with the addition of ethylene- 
diaminetetraacetic acid was included. The experi- 
ment showed that the components of the reaction 
mixture which can be omitted without affecting the 
degree of protection obtained are «-ketoglutarate, 
malonate and probably adenosine monophosphate 
(AMP). The omission of adenosine diphosphate 
(ADP), phosphate, magnesium and, to a lesser 
extent, fluoride all caused increased inactivation. 
In the second type of experiment, a more concen- 
trated sarcosomal preparation (4-7 mg. protein/ml.) 
was incubated in the side bulb with each component 
of the reaction mixture in turn and then added to the 
main compartment of the flask containing all the 
other components of the mixture and ethylenedi- 
aminetetraacetic acid. Experiments along these 
lines are shown in Table 4, which also includes the 


Table 4. Effect of various components of the reaction 
mixture on the stability of the «-ketoglutaric oxidase 
system ; 


(Saline preparations from rat incubated in side bulb of 
Warburg flask, with additions as shown, for 10 min. at 
25°.) 

Inactivation (%) 

Addition during —_— Ss 
Expt. 1 Expt. 2 Expt. 3 Expt. 4 


incubation 

None 75 81 90 94 
Phosphate 79 79 _ we 
Malonate 81 ~ — = 
NaF 82 73 — 

AMP 77 - - 2 
ADP, 0°55 x 10-*u 66 — ed 

ADP, 1-7 x 10-*m - — 23 - 
ADP, 3-4 x 10-?m — — 29 ny 
ATP, 0-6 x 10-*m 51 — - 
ATP, 1-2 x 10-*m — — — 44 
MgCl, 63 72 — — 
MgCl, + phosphate 73 . ~ 
MgCl, + NaF = 60 82 
NaF + phosphate — 76 — == 
NaF + MgCl, + ~- - - 59 

phosphate 


effect of adenosine triphosphate (ATP). The per- 
centages inactivation in Table 4 are based on the 
maximum rates of oxygen uptake. This was usually 
uniform, but with the preparations incubated with 
the higher concentrations of ADP, there was a con- 
siderable delay in reaching the maximum rate. This 
suggests that, although ADP largely protects the 
system from the irreversible inactivation which 
usually occurs, even in the presence of ADP there is 
considerable reversible inactivation. 

Table 4 shows that phosphate, malonate and 
AMP have little protective effect, while fluoride had 
no effect in one experiment, but was slightly pro- 
tective in another. Phosphate and fluoride together 
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were ineffective. Magnesium had some slight 
protective action (confirmed in two additional 
experiments not shown in Table 4), which was 
increased by the simultaneous presence of fluoride 
and further increased by the addition of phosphate 
together with magnesium and fluoride. The com- 
ponent of the mixture which was most protective 
was ADP, in relatively high concentrations; ATP 
was also protective, but not AMP. High concentra- 
tions of ADP or ATP are required, because in the 
absence of inhibitors the high concentration of 
sarcosomes employed rapidly hydrolysed ADP and 
ATP. For example, analysis showed that all the 
ADP used in Expt. 1 of Table 4 had been hydrolysed 
at the end of the incubation period. Since neither 
AMP nor inorganic phosphate had any appreciable 
protective effect on the «-ketoglutaric oxidase 
system, it is probable that it is the energy-rich phos- 
phate groups of ADP and ATP (~P) which are 
responsible. Owing to the presence of myokinase 
and ATPase in the sareosomes, ADP and ATP are 
interconvertible to a considerable degree. 

It is concluded from these experiments that there 
are two protective mechanisms operating in the 
reaction mixture: (i), ADP; (ii), magnesium, 
fluoride and phosphate. 

The experiments shown in Tables 3 and 4 were 
carried out with preparations isolated with saline. 
ADP gave no protection to a preparation isolated 
with isotonic sucrose. The reason for this difference 
is not known; possibly ADP can penetrate more 
readily to a sensitive site in the sarcosomes after 
the latter has been isolated with saline than with 
sucrose. 

The protective effect of ATP against the inactiva- 
tion of various oxidase systems caused by incuba- 
tion was first shown by Pardee & Potter (1949). 
Kielley & Kielley (1951) found that ADP and AMP 
as well as ATP protected the «-ketoglutaric oxidase 
system of liver mitochondria. The protection by 
AMP is in contrast to our results, but may be 
related to the higher myokinase activity of liver 
mitochondria. Also, unlike our findings, Kielley & 
Kielley obtained the protection with sucrose 
preparations. 

Ethylenediaminetetraacetic acid. Fig. 2 shows that 
ethylenediaminetetraacetic acid, in concentrations 
between 10-*m and 2 x 10-*m, completely prevented 
the loss of activity which occurred with rat-heart 
preparations even in the presence of the reaction 
mixture. 

Table 5 describes the effect of adding ethylenedi- 
aminetetraacetic acid to the reaction mixture, 
using the more stable cat-heart sarcosomes. Over 
the short time interval (25 min.) used in this 
experiment, inactivation of the oxidase system was 
only slight even in the absence of ethylenediamine- 
tetraacetic acid. The latter did, however, prevent 
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this inactivation and appreciably raised the P:0 
ratio with both «-ketoglutarate and succinate as 
substrate. The ATPase and myokinase activities 
were little affected by the ethylenediaminetetra- 
acetic acid, the concentration of which (0-002™M) was 
considerably less than that of magnesium (0-005) 
which is necessary for optimum activity of these 
enzymes. Under these conditions, the activity of the 
added hexokinase was also little affected (we are 
indebted to Mr F. A. Holton for testing this point). 

It should be noted that, in all the experiments 
described in this paper, except those shown in Fig. 2 
and Table 5, ethylenediaminetetraacetic acid 


O, uptake (yl.) 


uw 


50 100 150 200 


Time (min.) 


Fig. 2. Effect of added ethylenediaminetetraacetic acid on 
the oxidation of «-ketoglutarate by rat-heart sarcosomes 
(saline preparation, 1-4mg. sarcosomal protein). The 
sarcosomes were added at zero time without previous 
incubation. The concentrations of ethylenediaminetetra- 
acetic acid were: A, none; B, 10-*m; C, 10-*m; D, 
2 x 10-5M. 


Table 5. Effect of including ethylenediaminetetra- 


acetic acid in reaction mixture 
(Cat-heart sarcosomes, saline preparation. Reaction 
time, 25 min.) 
Concentration of 
ethylenediaminetetra- 
acetic acid 
scarey 
0-002 M 
a-Ketoglutaric oxidase system 
50 


Qos “ 
F:O0 ’ 2-93 
Succinic oxidase system 


Qo. 
P:0 


ATPase 
Qp 


Myokinase 


Qp 
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Table 6. Effect of ethylenediaminetetraacetic acid on the stability of the «-ketoglutaric oxidase system 
and accompanying phosphorylation 


(Preparation incubated at 25°. Sal.=saline preparation. Sal.-E =saline-ethylenediaminetetraacetic acid preparation. 
Suc. =isotonic sucrose preparation. Suc.-E =isotonic sucrose-ethylenediaminetetraacetic acid preparation.) 


Ethylenediaminetetraacetic acid* 
SS 


Incubation 
time 
Expt. Animal (min.) 
1 Cat 5 0 
30 


Rat 


Sal. 


Sal. 


Sal.-E 


Suc. 


Suc.-E 
Suc.-E 
* During incubation. 


(0-001--0-002™ final concentration) was present in 
the reaction mixture, whether or not it was added to 
the enzyme preparation during previous incubation. 
The addition of 0-002M-ethylenediaminetetraacetic 
acid to the reaction mixture produced a slight 
lowering of pH which was counteracted by the 
simultaneous addition of the same concentration of 
potassium hydroxide. The lowering of pH is due to 
the production of protons when ethylenediamine- 
tetraacetic acid combines with the magnesium 
(Schwarzenbach & Ackermann, 1947). 

The effect of ethylenediaminetetraacetic acid is 
even more striking if it is added to the heart- 
muscle preparation during a preliminary incubation 
period before the preparation is added to the 
reaction mixture. A number of experiments, using 
both cat and rat preparations, are summarized in 
Table 6. Expt. 1, with cat-heart preparation, shows 
that 0-01m-ethylenediaminetetraacetic acid com- 
pletely prevented any inactivation of the «-keto- 
glutaric oxidase system during a 30 min. incubation, 
compared with 91 % inactivation in its absence. The 
yield of oxidative phosphorylation (P:O ratio) was 
also hardly affected by this incubation in the 
presence of ethylenediaminetetraacetic acid. Expt. 2 


(umoles/mg. 
sarcosomal 
(at) protein) Qos 
"= sone 50 
0 4-6 
0-88 54 


0 
0-01 


0 0 3-2 
0-00002 0-002 
0-0001 0-01 6-2 
0-001 0-12 9-4 
0-01 1-2 
14 
1-3 


64 
5-4 
71 
56 
46 
59 
4-1 


1-1 
+ See text. 


shows that a high concentration (0-01) is necessary 
for the optimum effect. In Expt. 3, 0-001 gave con- 
siderable protection to the oxidase system and 
complete protection of the oxidative phosphoryla- 
tion. The high P:O ratio obtained when the pre- 
paration was incubated in the absence of ethylene- 
diaminetetraacetic acid is undoubtedly due to some 
anaerobic phosphorylation of the type discussed by 
Slater & Holton (1952). This anaerobic phosphoryla- 
tion appears to be relatively resistant to incubation 
of the preparation. 

With saline preparations of sarcosomes, 0-01 M- 
ethylenediaminetetraacetic acid usually com- 
pletely prevented inactivation during an incubation 
of 15 min. at 25°. However, Expt. 5 illustrates that 
occasionally some inactivation does occur under 
these conditions. This happens often enough to 
make it undesirable to adopt this procedure as 
a routine for temperature equilibration in mano- 
metric experiments. If, however, unincubated sar- 
cosomes are added to a reaction mixture containing 
0:002m-ethylenediaminetetraacetic acid, there is 
only a very slight inactivation of the «-ketoglutaric 
oxidase system, with no effect on the P:O ratio over 
45-60 min. at 25° (Slater & Holton, 1953a). 
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Table 7. Effect of ethylenediaminetetraacetic acid and ADP on stability of oxidative phosphorylation 
associated with oxidation of succinate 


(Saline preparations from rat. Incubation at 25°. NaF used in reaction mixture for succinate in Expt. 2, but not in 
Expt. 1. Qo,’s are calculated from maximum rates of O, uptake, P:O from actual O, uptakes.) 


Incubation 
ee : -— 


Succinate a-Ketoglutarate 





Time 
Expt. (min.) Addition Qo. 
1 — 278 
None 465 
E* 278 

ADP} 2738 
a 63 
None 45 
Et 47 


Seid 


~~ 


anc anan»e 


_ 


ie t 
P:0 Qo P:0 
1-01 95 2-50 
0-73 28 2-00 
L-ll 112 2-46 
0-88 74§ 2:31 
0-64 c= —s 
0-10 ai = 
0-47 an on 


* 0-01 m-ethylenediaminetetraacetic acid, 1-7 uzmoles/mg. sarcosomal protein. 


0-0028m-ADP. 
0-001 m-ethylenediaminetetraacetic acid, 0-19 pmoles/mg. 


sarcosomal protein. 


; Corrected for slight inhibition (measured in a control expt.) caused by the extra amount of ADP in the reaction 


mixture. 


ixpt. 6, Table 6, illustrates that sucrose pre- 
parations are less well protected by the addition 
of ethylenediaminetetraacetic acid (note that, 
although the oxygen uptake has been inactivated 
by 36%, the P:O ratio was not affected). If, 
however, the ethylenediaminetetraacetic acid is 
added to the sucrose used for isolating the sarco- 
somes, the preparation can be incubated without 
appreciable inactivation (Expts. 7 and 8, Table 6). 

Table 7 shows the effect of ethylenediaminetetra- 
acetic acid on the stability of the phosphorylation 
associated with the oxidation of succinate. Also 
included in this table is a study of the protective 
action of ADP against the effects of incubation on 
both the succinic oxidase and «-ketoglutaric 
oxidase systems. In Expt. 1 the effects on the 
succinic oxidase system of incubation of the sarco- 
somes alone are similar to those shown in Table I, 
namely an activation of the rate of oxidation with 
a decline of the P:O ratio. Ethylenediaminetetra- 
acetic acid (0-01m) completely prevented both 
effects. ADP also gave marked protection to the 
phosphorylation and prevented the activation of the 
rate of oxidation. It should be noted that this 
preparation was unusually stable, the inactivation 
of the «-ketoglutaric oxidase system being only 
71% instead of about 90% (Table 2). Ethylene- 
diaminetetraacetic acid gave complete protection, 
in fact it caused some activation of the system (this 
is also apparent in Expts. 1, 2 and 4 in Table 6). The 
partial protection by ADP shown in Table 4 was 
also found in this experiment, which adds the 
additional information that the phosphorylation is 
also protected. In Expt. 2, of Table 7, the succinic 
oxidase system was not activated by the incubation; 
on the contrary there was a slight inactivation which 
was not protected by ethylenediaminetetraacetic 
acid. The inactivation of the phosphorylation, 


which was greater than in other experiments, was 
largely prevented by a low concentration of 
ethylenediaminetetraacetic acid. 


Effect of added calcium on «-ketoglutaric 
oxidase system 


Since the most striking property of ethylenedi- 
aminetetraacetic acid is its ability to chelate with 
metals, it seemed most likely that it protected the 
enzyme systems by removing a metal which pro- 
moted the inactivation. Table 8 shows that added 
calcium considerably increased the rate of in- 
activation. This effect of added calcium was greater 
if the sarcosomes were prepared by a method aiming 
at the removal of metals present in the original 
material. The heart-muscle mince was ground in 
saline-ethylenediaminetetraacetic acid medium (see 
below), and the chelating agent then removed by 
sedimentation of the granules in the centrifuge and 
washing twice with 100 vol. saline; they were 
finally suspended in saline solution. This type of 
preparation (called ‘ethylenediaminetetraacetic- 
acid-washed preparation’) is much more stable than 
the saline preparation. Thus, incubation for 15 min. 
at 25° caused only 18-27 % inactivation (Table 8) 
compared with about 90% with a normal prepara- 
tion. The addition of as little as 6-7 x 10-5 m-calcium 
caused a considerably increased inactivation, while 
0-01 inactivated by 84%. 

It appeared likely, then, that normal rat-heart 
preparations contain calcium which, in some way, 
promotes the inactivation of the «-ketoglutaric 
oxidase system. The preparation is stabilized if the 
calcium is bound by ethylenediaminetetraacetic 
acid, which is an exceptionally powerful chelating 
agent for this metal. Even if the chelating agent is 
removed from the preparation, the latter retains its 
stability to a large degree presumably because the 
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Table 8. Effect of added calcium on the inactivation of «-ketoglutaric oxidase system 


(Rat-heart sarcosomes; see text for description of ethylenediaminetetraacetic acid-washed prep.) 


Incubation conditions 


oa *U"——._ Conceentration of 


Time 


Prep. (min.) 


Saline 5 











Ethylenediaminetetraacetic acid-washed 5 


calcium is removed with the ethylenediaminetetra- 
acetic acid. Such a preparation is now particularly 
susceptible to the addition of calcium. An alter- 
native explanation of the experiments described in 
Table 8, namely that the calcium was acting by 
removing the chelating agent adsorbed on the 
granules, is eliminated by the following considera- 
tions: (i) calcium increases the rate of inactivation 
with a normal preparation; (ii) the amount of 
calcium required for appreciable inactivation is 
much greater than the likely concentration of 
residual ethylenediaminetetraacetic acid; (iii) Fe?*, 
which binds more strongly than calcium, did not 
cause inactivation of the ethylenediaminetetra- 
acetic acid-washed preparation. 

The relative stability of the ethylenediamine- 
tetraacetic-acid-washed preparation excludes the 
possibility that the inactivation is caused by metal 
ions introduced with the reagents. 


Sarcosomes isolated in media containing 
ethylenediaminetetraacetic acid 


Since the activity of the «-ketoglutaric oxidase 
system of rat-heart preparations is decreased by 
50% after only 10 min. at 15°, it might be expected 
that very considerable inactivation would occur 
during the preparation of the granules, which 
extends over about 1 hr. That the inactivation is in 
fact not appreciable if the preparation is carried out 
near 0°, is due to the very high temperature co- 
efficient of the inactivation. Nevertheless, it is 
a common experience that oxidative phosphoryla- 
tion is markedly affected if the temperature is 
allowed to rise a few degrees during the preparation. 
This inactivation can now be avoided by including 
0-01 m ethylenediaminetetraacetic acid in the media 
in which the granules are isolated, washed and 
finally suspended. The properties of a preparation 








Temp. CaCl, Inactivation 
(°) (1) (%) 
15 0 18 
0-001 37 
0-01 44 
17 0 11 
0-01 56 





0 27 
0-001 72 
0-01 s+ 





0 18 
0-00007 38 
0-0002 33 
0-00067 58 


0-0067 79 








obtained in this way (‘saline-ethylenediaminetetra- 
acetic acid preparation’) are compared with a saline 
preparation made from the same rat heart in 
Table 9. The fresh preparations did not differ 
markedly, the most noticeable differences being an 
appreciably higher activity of the «-ketoglutaric 
oxidase system and lower activities of the ATPase 
and myokinase in the ethylenediaminetetraacetic- 
acid preparation. None of these differences was 
found consistently. A comparison of a large series of 
preparations made with saline with and without the 
chelating agent did not reveal any significant 
differences between the activities of the «-keto- 
glutaric oxidase system (Cleland & Slater, 19536) or 
myokinase (Slater, 1953a). This indicates that, even 
in the absence of ethylenediaminetetraacetic acid, 
our normal procedure using saline does not cause 
any appreciable inactivation of the «-ketoglutaric 
oxidase system. However, sarcosomes isolated with 
isotonic sucrose containing 0-01 M-ethylenediamine- 
tetraacetic acid were considerably more active than 
those obtained with sucrose alone. An additional 
experiment in which saline and saline-ethylenedi- 
aminetetraacetic acid preparations were made from 
the same rat heart did not confirm the differences of 
ATPase activity shown in Table 9. 

As would be expected from the experiments 
already described, the preparations shown in 
Table 9 markedly differed in their stability to 
storage at 2°. After 1 day, the activity of the 
a-ketoglutaric oxidase system and the P:O ratio 
with the preparation made with ethylenediamine- 
tetraacetic acid had not changed, whereas the a- 
ketoglutaric oxidase system in the saline prepara- 
tion had been inactivated by 84% (note again the 
relatively minor effect on the P:O ratio). Even 
after 6 days, the saline-ethylenediaminetetraacetic 
acid preparation retained appreciable activity. 
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Table 9. Comparison of activities of preparations made with and without ethylenediaminetetraacetic acid 


(Cat heart; preparations kept at 2°. 
protein/hr.) 


Fluoride in reaction mixture for both substrates. Qp=pl. P/mg. sarcosomal 


Preparation 





Saline-E 
A. 











Age of prep. (days) 

a-Ketoglutaric oxidase system 
Qo. 
P:0 

Succinic oxidase system 
Qo. 
Pi) 

ATPase 
Qp 

Myokinase 


Qp 


The increase in activity of the succinic oxidase 
system in the saline preparation after 1 day is 
similar to that shown in Table 1 and undoubtedly 
has the same explanation. On the other hand, the 
activity of the succinic oxidase system in the 
ethylenediaminetetraacetic acid preparation de- 
clined on storage. This may be because inactivation 
of the enzyme systems responsible for the dis- 
appearance of oxaloacetate is not dependent upon 
the presence of calcium and so proceeds at the same 
rate in saline-ethylenediaminetetraacetic acid and 
saline preparations whereas the enzyme system 
bringing about formation of oxaloacetate is stabil- 
ized by the chelating agent. 

It is shown below that probably much of the 
calcium in sarcosomal preparations is derived from 
other components of the heart during isolation. 
Thus, the inclusion of ethylenediaminetetraacetic 
acid in the isolation medium will largely prevent the 
calcium ever becoming bound to the sarcosomes. 
This is preferable to the subsequent addition of the 
chelating agent to remove already bound calcium, 
especially in sucrose preparations (cf. Expts. 6-8, 
Table 6). 


Effect of incubation on the AT Pase 
activity of sarcosomes 


Table 10 shows that the ATPase activity of 
sarcosomes isolated in saline increased by 24% 
after incubation for 15 min. at 25°, compared with 
58 % activation by the addition of 10-4m-2:4-dini- 
trophenol. The latter reagent has been shown by 
Hunter (1951) and Potter & Recknagel (1951) to 
increase the ATPase activity of liver mitochondria. 
The addition of ethylenediaminetetraacetic acid 
(0-01m) during the incubation partially prevented 
the increase of activity, but the differences are too 
close to the experimental error of the analytical 
procedure to be significant. 


1 


- 
( 


0 
2-76 


61 
4-9 


Table 10. Effect of incubation and of 2:4-dinitro- 
phenol on AT Pase activity of sarcosomes 


(Saline preparation from rat heart. Incubated 15 min. at 
25°. 2:4-Dinitrophenol (10-*m) added to reaction mixture 
where shown (DNP). Reaction time, 10 min., 25°. Reac- 
tion mixture contained 2 x 10-*m-ethylenediaminetetra- 
acetic acid and other additions as Slater (1953a). Qp=ul. 
P/mg. protein/hr.) 

Qp 


Not incubated 238 

Not incubated; DNP in reaction mixture 377 

Incubated alone 295 

Incubated with 0-01 M-ethylenediamine- 269 
tetraacetic acid 


Calcium content of heart-muscle and of 
sarcosomal preparations 


The preparations used for calcium analyses were 
made by grinding with Pyrex glass beads (Ballotini, 
Chance Grade no. 9) instead of acid-washed sand in 
order to avoid the introduction of calcium into the 
ash from fragments of sand. The enzymic activity 
and the stability of sarcosomes prepared with glass 
beads were similar to those made with sand. 

The results of these analyses are summarized in 
Table 11. The values for whole heart are similar to 
those given by Steenbock, Kletzien & Halpin 
(1932). Sarcosomal preparations made with ethyl- 
enediaminetetraacetic acid, whether or not it was 
subsequently removed, contained only about 15% 
of the calcium of saline and sucrose preparations. 
There was no significant difference between the 
latter two types. 

In Table 11, the proportion of the total calcium 
of the heart found in the sarcosomes is compared 
with the yield of sarcosomes, calculated from the 
data of a previous paper (Cleland & Slater, 19536). 
Several of the preparations were made with very 
light grinding; hence the yield of sarcosomes was 
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Table 11. Calcium content of rat-heart muscle and of sarcosomal preparations 


(Sarcosomal preparations. The yield of sarcosomes was calculated from the total sarcosomal content of the heart 
estimated from the data of Table 1 of Cleland & Slater (1953) as follows: mg. of sarcosomal protein/g. whole heart 


226 ? 7 ; : , alee 
=0-23 x 16 =32-4, where 23% is the estimated proportion of sarcosomes (protein basis) and 226 mg. protein is the total 


/O 


protein in 1-6 g. whole heart. E =ethylenediaminetetraacetic acid.) 


Whole heart 


1-57, 1-05, 1-15, 1-34: mean 1-28 umoles calcium/g. heart. 


Sarcosomes 


Sarcosomal protein 


Total in 
intact 
Wt. of heart 
heart* (mg.) Isolated 
Prep. (g.) (32-4a) (mg.) 
(a) () (c) 
0-95 (1) 30-8 10-7 
0-85 (1) 27-6 7-9 
0-76 (1) 24-6 6-5 
0-85 (1) 27-6 4-6 
32-4 4-9 
11-2 


Sucrose 


Mean 

0-847 (1) 27-2 9-4 
1-687 (2) 18-7 
0-847 (1) 14-0 


Saline 


Mean 


Saline-E 1-68+ (2) 26-0 


Mean 


E-washed 36-0 


23-4 
Mean 


* No. of hearts in brackets. 


7 The weights of these hearts were not determined directly. 


(range 0-75-1-00 g.). 


usually less than the 50% obtained by Cleland & 
Slater (19536). It can be seen that, in every case, 
the yield of calcium in sarcosomes prepared with 
sucrose or saline greatly exceeded the yield of 
sarcosomes and, when more than about 30 % of the 
sarcosomes were isolated, virtually all the calcium 
in the heart was obtained in the sarcosomes. This 
suggests that the calcium might not be in the 
sarcosomes in the intact heart but becomes in- 
corporated during the isolation. Judging by the 
absence of the colour of myoglobin in the residue, it 
is likely that a grinding sufficient to liberate 30 % of 
the sarcosomes liberated all the sarcoplasm. Thus, 
if all the calcium is in the sarcoplasm, and sarco- 
somes have a high affinity for calcium, it would be 
conceivable that all the calcium of the heart would 
become bound to the isolated sarcosomes. It is also 
possible that the calcium is derived from extra- 
cellular fluid. 

Table 12 shows that isolated sarcosomes do in 
fact take up large amounts of calcium from a solu- 


Calcium 
Total in 
isolated 

sarcosomes 
(umoles) 

protein) (c xd) 

(d) (e) 

35 0-112 1-20 

29 0-110 0-87 

26 0-069 0-45 

17 0-089 0-41 

15 0-102 0-50 

22 0-112 1-25 

0-099 


Yield 
(%) (umoles/mg. 


(c/b x 100) 


1-19 
1-64 
1-16 


34 0-126 
34 0-088 
51 0-083 

0-099 


48 0-014 
0-014 


0-36 


0-016 0-58 
0-015 


0-015 


These values are taken from the mean weight of 12 hearts 


tion. The ethylenediaminetetraacetic acid-washed 
preparation took up all the calcium from a solution 
of 10-‘m-calcium chloride in the usual saline 
medium, the calcium content of the sarcosomes 
after treatment with calcium approaching the value 
for saline preparations. A normal saline preparation 
took up approximately half the calcium supplied to 
it in a 10-*m solution, thereby increasing the con- 
centration of calcium in the sarcosomes by about 
50%. In this experiment, the calcium was supplied 
in 0-16M-potassium chloride without the phosphate 
present in the ‘saline’ medium used in the isolation. 
This shows that inorganic phosphate in the medium 
is not necessary for the uptake of calcium. The 
recovery of calcium in the supernatants when the 
sarcosomes were not added ((6) in Table 12) was 
86 % with the ‘saline ’ medium containing phosphate, 
and 106% with the phosphate-free potassium 
chloride. This is probably 100% within experi- 
mental error in both cases, since the end point of the 
titration was more difficult to see when phosphate 





576 
was in the medium. In both experiments shown in 
Table 12, the loss of calcium from the solution agreed, 
within experimental error, with the gain of calcium 
by the sarcosomes. The ratio of supernatant to 
sarcosomes was such as to cause negligible errors 
due to retention of supernatant in the sarcosomal 
fraction. 


Table 12. Incorporation of calcium in suspending 
medium into sarcosomes 


preparations. Hthylenediaminetetraacetic acid- 
washed preparation. (a) 1 ml. prep. containing 9-1 mg. 
protein+5 ml. saline (0-02M-phosphate, 0-135m-KCl, 
pH 7-4) +0-595 pmole CaCl, ; (b) 6 ml. saline + 0-595 pmole 
CaCl,. Both kept at 0° for 30 min. and then centrifuged in 
the cold and Ca determined directly on the supernatant and 
in the case of (a) in the residue (after ashing). Sample of 
untreated prep. also analysed. Saline preparation. (a) 1 ml. 
prep. containing 55mg. protein+5ml. 0-16mM-KCl 


(Rat 


+0-595 umole CaCl,; (b) 6 ml. 0-16M-KCl+0-595 pmole 
CaCl,. Both treated in same manner as washed ethylene- 
diaminetetraacetic-acid prep.) 

Calcium (moles) 


¢ — aera 
Ethylenediamine- 
tetraacetic acid- 
washed prep. 


Saline 
prep. 
In sarcosomes 

Before treatment 
0-08: 
0-49 


0-015 
0-15 


Ca/mg. protein 
Total Ca 

After treatment 
Ca/mg. protein 
Total Ca 
ACa 


0-127 
0-76 
0-27 


0-068 
0-66 
0-51 
In supernatant (total Ca) 
(b) 0-51 
(a) 0 
ACa —0-51 


0-63 
0-30 
— 0-33 


DISCUSSION 
Instability of oxidative phosphorylation 
Most studies of oxidative phosphorylation refer to 
the great instability of the enzyme systems to even 
brief treatments at temperatures above 0°. It was 
early found (Ochoa, 1943) that the system was more 
stable in the presence of substrates and the co- 
factors necessary for measuring the oxidative 
phosphorylation. It was recognized, however, that 
even under these conditions inactivation during the 
course of the experiment could be considerable. 
This has led to the usual practice of using short 
reaction times, and prompted several investigators 
to carry out their experiments at low temperatures 
(Belitzer & Tsibakova, 1939; Hunter & Hixon, 
1949; Judah, 1951). The great increase of stability 
conferred on the oxidative phosphorylation en- 
zymes in heart-muscle sarcosomes by the addition of 
ethylenediaminetetraacetic acid has proved of con- 
siderable technical value in the study of oxidative 
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phosphorylation in these granules. As is shown in 
another paper (Slater & Holton, 1953a), the P:0 
ratio remains constant for at least 45 min. at 25°, in 
the presence of ethylenediaminetetraacetic acid, 
even in the case of the rat-heart sarcosomes which 
are so unstable in its absence. Preliminary experi- 
ments show that it also stabilized liver mito- 
chondria. van Bekkum, Jongepier, Nieuwekerk & 
Cohen (1953) have found our procedure effective 
with spleen mitochondria, and Lindberg, Ljung- 
gren, Ernster & Révész (1953) have used it to isolate 
mitochondria from Ehrlich ascites tumour. 


Mechanism of action of ethylenediamine- 
tetraacetic acid 


The fact that sarcosomes isolated with ethylenedi- 
aminetetraacetic acid and then washed free of the 
chelating agent are much more stable than saline 
preparations shows that the ethylenediaminetetra- 
acetic acid is not acting directly in the inactivation 
process, but must be acting indirectly by removing 
some substance which is present in the sarcosomes 
and which promotes the inactivation. Since the 
characteristic property of ethylenediaminetetra- 
acetic acid is its ability to chelate with metal ions, it 
is very probable that this substance is a metal ion. 
Added calcium was found to increase the rate of 
inactivation both with saline and ethylenediamine- 
tetraacetic acid-washed preparations. Owing to 
the well-known inhibitory action of heavy metals 
on the «-ketoglutaric oxidase system, it was not 
possible to test the specificity of this effect of 
calcium. However, the high concentration of 
calcium in the sarcosomes, and their high affinity for 
added calcium, as measured by direct chemical 
estimation, is strong support for the view that 
calcium is the metal responsible for the instability of 
sarcosomes. 

The amount of ethylenediaminetetraacetic acid 
required for complete protection in the presence of 
reaction mixture was about 0-07 pmole/mg. sarco- 
somal protein (Fig. 2), which is of the same order of 
magnitude as the calcium content of the sarcosomes. 
However, considerably more was usually required 
in the experiments in which the sarcosomes were 
incubated in the absence of reaction mixture 
(Table 6), although in Expt. 3 of Table 6 and Expt. 2 
of Table 7 a high protection was given by an 
amount of ethylenediaminetetraacetic acid equal to 
about twice the normal calcium content. Either the 
calcium is very firmly bound to sarcosomes or it 
becomes bound to some part of the sarcosome not 
readily accessible to the chelating agent. It is 
possible that the different behaviour of saline and 
sucrose preparations can be explained on this basis. 

The protective action of ethylenediaminetetra- 
acetic acid described in the present paper is quite 
different from its activation of the succinic oxidase 
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system in the Keilin & Hartree heart-muscle pre- 
paration recently found by Bonner (1953). In the 
latter case, the activation is lost if the chelating 
agent is removed by sedimentation of the particles 
and washing in the centrifuge. In Bonner’s experi- 
ments, it seems clear that ethylenediaminetetra- 
acetic acid has some direct action of its own and is 
not removing inactivating metals. It also serves the 
additional function of removing traces of inhibitory 
heavy metals if these are present in the reagents, as 
for example in Altmann & Crook’s (1953) experi- 
ments. 

Ethylenediaminetetraacetic acid is ideally suited 
for binding calcium in experiments of the type 
described in this paper. Unlike citrate, which is an 
oxidizable substrate, it is stable in the presence of 
enzyme preparations. It is remarkably free from 
inhibitory action on many enzyme systems, even 
those which require Mg?+ (Lehninger, 1951; Slater & 
Holton, 19535). 


Mode of action of calcium 


While it appears certain that ethylenediamine- 
tetraacetic acid is able to stabilize the enzyme 
systems by removing calcium from the preparation, 
the mechanism whereby calcium exerts its in- 
activating effect is not established by the present 
study. Some possibilities will be discussed. First it 
should be noted that the inactivation requires not 
only the presence of calcium in the preparation, but 
also an incubation. It is clear, then, that in our 
experiments the calcium must act not by directly 
entering the phosphorylation reaction, as suggested 
by Lehninger (1951), but by promoting an irre- 
versible destruction of the oxidase system. 

As discussed elsewhere (Cleland, 1952; Cleland & 
Slater, 1953a; Cleland, 1953), the sarcosomes have 
asemi-permeable membrane, which is impermeable 
to potassium chloride and many other salts. The 
possibility should therefore be considered that 
calcium ions are concentrated in the intrasarcosomal 
fluid by some specific mechanism. If the intra- 
sarcosomal water content is 3-5 times the protein 
(assuming that the sarcosome contains 20% 
protein, 10% phospholipid and 70% water), the 
concentration of intrasarcosomal calcium after 
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treatment with calcium in the two experiments 
shown in Table 12 would be 0-02m and 0-04m 
compared with 0 and 5 x 10-°m respectively in the 
extrasarcosomal fluid. If this intrasarcosomal 
calcium were in the form of free Ca?+ ions, there 
would be a very high ratio of internal to external 
[Ca**]. This could conceivably be brought about 
either by (i) coupling with an energy-yielding 
mechanism such as respiration (Bartley & Davies, 
1952) or (ii) by a Donnan equilibrium. The first 
possibility is unlikely since the sarcosomes were not 
respiring or carrying out any other obvious meta- 
bolic activity. The second possibility is also made 
very unlikely by the fact that sarcosomes isolated 
with and suspended in sucrose contained the same 
amount of calcium as saline preparations. It is 
concluded that the calcium in the sarcosomes is not 
in solution in the intrasarcosomal fluid, but is firmly 
bound. 

The only chemical grouping which seems likely 
to be present in sufficient concentration is a phos- 
phate group, either free or bound. The total 
phosphorus content of the heart sarcosomes is 
0-5 wg. atoms/mg. of sarcosomal protein (Cleland, 
1953), which is more than sufficient to combine 
with the amounts of calcium found. Most of this 
phosphorus is in the form of phospholipid which is 
probably situated in the membrane (Cleland & 
Slater, 1953a). It seems probable, then, that much 
of this phospholipid as well as other phosphorus 
compounds in the sarcosome will be combined with 
calcium. One of these compounds is ADP, present 
to the extent of about 0-02 umole/mg. protein 
(Slater & Holton, 1953a). 

Before considering the possible mechanism of the 
action of calcium described in the present paper, it is 
necessary to consider changes in the properties of 
sarcosomes or mitochondria which accompany 
incubation and to see which are known to be 
affected by calcium. At the same time, the marked 
protection found by Pardee & Potter (1949), 
Kielley & Kielley (1951) and ourselves to be given 
by ADP or ATP (these will henceforth be referred to 
simply as ~ P) in the absence of ethylenediamine- 
tetraacetic acid must also be taken into account. The 
available information is assembled in Table 13. 


Table 13. Effect of incubation on various properties of liver mitochondria and heart sarcosomes 


Property 
Morphology 
«-Ketoglutaric oxidase system 
ATPase 
DPN (endogenous) 
~P (endogenous) 


Activation*+ 
Destruction§ 
Destructiont§ 


Effect of incubation 


‘Spontaneous transformation ’* 
Inactivation*} 


Accelerated by Inhibited by 


Ca?+ ~P 
4* 4* 
* 4 + 


7 


9 4+ 


+ ? 
o> 
9 9 


* Cleland & Slater (1953a) or present paper, heart sarcosomes. 

+ Kielley & Kielley (1951), liver mitochondria. 

{ Axelrod et al. (1941); Swingle et al. (1942), heart muscle and liver homogenates. 
§ Green et al. (1949); Huennekens & Green (1950), liver and kidney cyclophorase. 
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With so many effects of incubation, most of 
which have been directly related to the presence of 
calcium, it is difficult to determine which is the 
primary effect of calcium and which are secondary. 
Possibly most of the above effects are, in fact, 
secondary to an unknown primary effect. Some 
possible causal relationships will be considered. 

(1) First it is necessary to state that the loss of 
oxidative phosphorylation is not caused directly by 
an increased ATPase activity. The increase of 
ATPase activity caused by incubating a saline 
preparation was relatively slight. In any case, the 
effect of incubation is not only on the P:0O ratio but 
on the activity of various oxidase systems. The 
effect of ethylenediaminetetraacetic acid on the 
activation of ATPase by incubation, and the lower 
ATPase activities sometimes found with prepara- 
tions made with it, suggest that calcium is concerned 
in the activation of the ATPase by incubation, but 
more impressive evidence is required. Heart sarco- 
somes are not very suitable material for this study, 
since incubation only slightly increases the ATPase 
activity. Potter & Simonson’s (1952) finding that 
calcium activates fresh liver mitochondria but not 
incubated mitochondria is also suggestive that 
calcium might be concerned in the activation by 
incubation. 

(2) The protective effects of ethylenediamine- 
tetraacetic acid and of ~ P were first revealed in the 


present study by their ability to prevent the mor- 
phological changes which occur when isolated 
sarcosomes are kept at room temperature (the 
‘spontaneous transformation’ of Cleland & Slater, 


1953a). Consequently, serious consideration has 
been given to the possibility that the inactivation of 
the «-ketoglutaric oxidase system is a result of the 
morphological changes. However, a close examina- 
tion of the evidence does not support this view. In 
the first place, the gross morphological changes 
occur some time after the inactivation of the enzyme 
systems. Secondly, some factors which have been 
found to affect the morphological stability (for 
example, sucrose preparations are morphologically 
more stable than saline preparations; hypotonicity 
increases the rate of morphological changes) do not 
affect the stability of the «-ketoglutaric oxidase 
system. These considerations suggest that the 
inactivation of the enzyme system precedes the 
morphological changes. 

(3) Since DPN is a component of the malic oxidase 
system, the destruction of this coenzyme may be 
a sufficient explanation of the inactivation of this 
system. It is possible, but not yet certain (see 
Slater, 19536), that DPN is also a component of both 
the «-ketoglutaric and pyruvic oxidase systems. 
One of these systems (the «-ketoglutaric oxidase 
system) was inactivated by the incubations used in 
this paper. Since the oxidative step in the oxidation 
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of oxaloacetate is presumably the oxidation of 
pyruvate formed by the decarboxylation of oxalo- 
acetate, it can be concluded that the pyruvic 
oxidase system was not inactivated. The destruction 
of DPN does not provide an adequate explanation of 
the inactivation of the phosphorylation associated 
with the oxidation of succinate or oxaloacetate. Itis 
also noteworthy that in no case where it has been 
tested does calcium activate soluble enzymes which 
decompose DPN (MclIlwain, 1950; Kornberg & 
Pricer, 1950; Kaplan, Colowick & Nason, 1951). 
This strongly suggests that calcium does not act 
directly on the DPNase in dispersions but promotes 
some change which makes the DPN accessible to the 
DPNase. It could do this either by bringing about 
the morphological disintegration of the granules, or, 
more specifically, by causing the dissociation of 
firmly bound DPN-protein complexes (Huennekens 
& Green, 1950). That DPN is not readily accessible 
to DPN-degrading enzymes in vivo is indicated by 
the work of Gore, Ibbott & McIlwain (1950). 

These considerations make it appear unlikely that 
the effect of calcium on the DPN content of the 
preparation is its primary action. 

(4) Kielley & Kielley (1951) suggested a relation- 
ship between the phosphorylating activity and the 
loss of ~P from mitochondria (see also Green, 
Atchley, Nordmann & Teply, 1949). Amongst all 
the possible explanations of the primary action of 
calcium, a stimulation of the loss of endogenous ~ P 
is perhaps the most promising, since it would provide 
a ready explanation of the protective effect of 
added ~ P. The protective effect of added ~ P on the 
morphology of the sarcosomes suggests that a source 
of energy might be necessary to maintain the struc- 
ture of the sarcosomal membrane (see also Harman 
& Feigelson (1952) and Cleland & Slater (1953a)). 

Two possible ways whereby calcium might affect 
the endogenous ~P of the sarcosomes may be 
mentioned. (i) The ~ P compounds may actually be 
bound by the high concentration of calcium 
entering the sarcosome and thereby be prevented 
from having their normal effect. (ii) Calcium might 
displace some metal prosthetic group from an 
enzyme which operates in conjunction with ~ P to 
maintain the morphological and enzymic structure 
of the sarcosome. Pressman & Lardy (1952) have 
obtained evidence that potassium is firmly bound to 
liver mitochondria, and that this bound potassium is 
intimately linked with the function of mitochondria. 
Cleland (1953) has found that the sarcosomal con- 
tents contain large amounts of magnesium, which is 
known as a component of many phosphorylating 
enzymes. 

The slight protective effect of magnesium, 
fluoride and phosphate might be due to inhibition of 
phosphatases, which would cause loss of ~ P, apart 
from the possible mechanisms suggested above. 
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For the reasons given on p. 575, it is probable 
that the high calcium content and the instability of 
isolated sarcosomes is an artifact, not representing 
the state of affairs in the intact fibre. In order to 
isolate sarcosomes resembling as closely as possible 
those in the intact cell, it is necessary to prevent the 
calcium becoming bound to the sarcosome, by 
including ethylenediaminetetraacetic acid in the 
isolation medium. Sarcosomes prepared in this way 
are most suitable for studies of the enzyme systems 
bringing about the complete aerobic oxidation of 
intermediary metabolites and oxidative phosphory- 
lation. Studies of the respiratory chain, present in 
the Keilin & Hartree heart-muscle preparation 
(Keilin & Hartree, 1949), and of many individual 
enzymes which are probably localized in the sarco- 
somes in vivo but are relatively easily liberated into 
solution, e.g. Ochoa’s condensing enzyme (Ochoa, 
Stern & Schneider, 1951), fumarase (Massey, 1952), 
a-ketoglutaric dehydrogenase (Kaufman, 1951; 
Sanadi & Littlefield, 1951), require the disruption of 
the sarcosome, a process which is greatly helped by 
calcium, either originally present in the heart or 
introduced from tap water. 


SUMMARY 


1. Incubation of heart-muscle sarcosomes for 
15 min. at 25° largely inactivated the «-ketoglutaric 
oxidase and malic oxidase systems, activated the 
succinic oxidase system and had little effect on the 
oxidation of oxaloacetate. The P:O ratio was 
greatly decreased with malate or oxaloacetate as 
substrate, was less affected with succinate, and only 
slightiy decreased with «-ketoglutarate. 

2. The inactivation of the «-ketoglutaric oxidase 
system was studied in greater detail. The inactiva- 
tion had a high temperature coefficient, proceeded 
at a steady rate without any lag period and was not 
markedly affected by the pH or tonicity of the 
suspending medium. 

3. The inactivation of the «-ketoglutaric oxidase 
system was much less in the presence of the reaction 
mixture used in oxidative phosphorylation experi- 
ments. The component mainly responsible was 
adenosine diphosphate ; adenosine triphosphate was 
also effective but not adenosine monophosphate. The 
combined addition of magnesium, fluoride and 
phosphate also gave some protection. 
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4. Ethylenediaminetetraacetic acid (0-01m) 
usually completely protected the «-ketoglutaric 
oxidase system against incubation of the sarcosomes 
for 15 min. at 25°, even in the absence of the reaction 
mixture. In the presence of ethylenediaminetetra- 
acetic acid and the reaction mixture, sarcosomes 
oxidized «-ketoglutarate at practically a uniform 
rate for an hour or more at 25°. 

5. Both adenosine diphosphate and ethylene- 
diaminetetraacetic acid prevented the activation of 
the succinic oxidase system (which is probably due 
to a decrease of the steady-state concentration of 
oxaloacetate) and the inactivation of the accom- 
panying phosphorylation caused by the incubation. 

6. Sarcosomes isolated in ethylenediaminetetra- 
acetic acid and then freed from this substance were 
much more stable than those isolated in saline alone, 
but they were very susceptible to added calcium. 
Added calcium also increased the rate of inactiva- 
tion with normal sarcosomes. 

7. The most satisfactory preparations of sarco- 
somes are obtained by including ethylenediamine- 
tetraacetic acid in the isolation medium. 

8. By direct analysis it was found that isolated 
sarcosomes contain all the calcium in the heart 
muscle, even when only about 30% of the total 
sarcosomes were isolated. Preparations isolated 
with ethylenediaminetetraacetic acid contained 
much less calcium. Both types of sarcosomes took 
up large amounts of calcium from solutions. The 
localization of the calcium in the isolated sarco- 
somes does not, therefore, necessarily reflect the 
position in the intact heart. 

9. Itis very probable that the stabilizing effect of 
ethylenediaminetetraacetic acid is due to removal of 
calcium from the sarcosomes. The mechanism of 
action of the calcium was not established, but 
different possibilities are discussed. 
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The Estimation of Small Amounts of Formaldehyde Liberated during 
the Oxidation of Carbohydrates and other Substances with Periodate 
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In the course of investigations into the chemistry of 
the blood-group mucoids and closely related poly- 
saccharides, it was necessary to measure the for- 
maldehyde produced on oxidation of these materials 
with periodate. The gravimetric estimation of the 
aldehyde as its dimedon derivative was used by 
Aminoff & Morgan (1951) in their studies on blood- 
group A substance, but the method has two dis- 
advantages. First, relatively large amounts (30— 
50 mg.) of the material to be oxidized are required in 
order to yield a suitable amount of the dimedon 
derivative, and secondly, other aldehydes such as 
acetaldehyde will also give a dimedon derivative 
and the quantitative separation of these non- 


specific materials, without loss of the formaldehyde 
derivative, may be difficult. Furthermore, the 
reagent blank is appreciable (Courtois, 1951). 

A method for the determination of small amounts 
of formaldehyde was therefore sought which was 
specific for formaldehyde, and which was applicable 
to small amounts of sugars, polysaccharides, 
mucoids, or other materials yielding formaldehyde 
on oxidation with periodate. Eegriwe (1937) 
observed that formaldehyde reacted with chromo- 
tropic acid (1:8-dihydroxynaphthalene-3:6-disul- 
phonic acid) on heating in strong sulphuric acid to 
yield a highly coloured compound, and that the 
reaction appeared to be specific for formaldehyde. 
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This reaction has already been adapted for quanti- 
tative use by several authors (Boyd & Logan, 1942; 
MacFadyen, 1945; Bricker & Johnson, 1945), but 
where the estimation was preceded by oxidation 
with periodate, the formaldehyde was in most 
instances recovered from the reaction mixture by 
distillation. Thus methods have been proposed for 
the analysis of serine in protein hydrolysates (Boyd 
& Logan, 1942) and steroids containing the «-ketol 
group (Daughaday, Jaffe & Williams, 1948; 
Corcoran, Page & Dustan, 1950) which depend on 
periodate oxidation and subsequent distillation of 
the oxidation mixture, the formaldehyde in the 
distillate being estimated colorimetrically after 
condensation with chromotropic acid. Quantitative 
distillation of small amounts of formaldehyde, 
however, is difficult and is seldom attained; more- 
over, the products of oxidation of some carbo- 
hydrate materials are unstable and on heating 
during distillation decompose to give additional 
formaldehyde or materials which interfere with its 
estimation. It is therefore desirable to estimate the 
formaldehyde in situ. Chromotropic acid, however, 
is rapidly oxidized by periodate, and the complete 
removal of the excess periodate together with the 
inorganic reaction products is essential. 

Fleury, Courtois & Perles (1951) state that, after 
removal of the interfering ions as insoluble salts, 
they were able to estimate with chromotropic acid 
the glyoxylic acid formed on oxidation of some 
organic acids with periodate. The direct application 
of their technique using barium hydroxide and 
silver acetate as precipitants was found impractic- 
able at the pH (7-5-8) which is optimal for formalde- 
hyde production. A method devised by Rabino- 
vitch, Decombe & Freedman (1951) for the estima- 
tion of «-ketol steroids, which involved the use of 
sulphite as reducing agent and the subsequent 
removal of the iodide so formed as the silver salt, 
was likewise inapplicable owing to the large amounts 
of silver sulphate required. When silver salts are 
used as precipitants, the photochemical formation 
of colloidal silver interferes with the spectrophoto- 
metric estimation. 

The success of a method which employs chromo- 
tropic acid for the micro-estimation of formalde- 
hyde after periodate oxidation thus depends on the 
discovery of an agent which precipitates quanti- 
tatively periodate and iodate. As mentioned above, 
barium and silver salts are unsatisfactory, as are salts 
of mercury, zinc, magnesium, aluminium, beryllium, 
manganese, titanium, bismuth, cadmium and 
calcium. Compounds (e.g. sodium bisulphite or 


meta arsenite) which reduce the periodate to iodate 
or iodide which are subsequently removed, are 
likewise unsuccessful. The most encouraging results 
were obtained using lead salts, as lead periodate and 
lead iodate are insufficiently soluble to cause any 
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interference in the reaction. The choice of a soluble 
lead salt was, however, limited. Lead nitrate 
interferes with the chromotropic acid reaction ; lead 
acetate is moderately successful, but gives a yellow 
colour with the chromotropic acid solution. Lead 
dithionate is, however, very suitable, principally 
because of its high solubility and also since the 
dithionate ion decomposes in acid into sulphate and 
sulphur dioxide. The lead sulphate is conveniently 
removed by centrifugation and the sulphur dioxide 
does not interfere with the formaldehyde reaction 
(see also Bricker & Vail, 1950), and, in fact, 
stabilizes the chromotropic acid against oxidation 
by air and light. 


EXPERIMENTAL 


Materials 


Chromotropic acid. Technical chromotropic acid gives rise 
to very high biank readings which can be greatly reduced by 
purifying the reagent via the lead salt (Boyd & Logan 1942). 


0-900 ‘ 
0-800 
0-700 

§ 0-600 

& 0-500 

0-400 

0-300 

0-200 

0-100 


Abso 


320330 340 350 360 370 380 390 400 410 420 
Wavelength (mp.) 


Fig. 1. The absorption spectrum of sodium salt of chromo- 
tropic acid (0-003 %) in 0-3N-H,SO,. 


The most satisfactory material, however, is obtained by 
using the method of purification described by Ovenston, 
Parker & Hatchard (1952), and their criteria of purity. The 
impure sodium salt is recrystallized from twice its weight of 
hot water and the crystals obtained after standing overnight 
are dried over H,SO,. The whole operation is carried out in 
complete darkness except when manipulations are taking 
place, and even then the light is reduced to the absolute 
minimum necessary. The purity of the product is assessed 
by spectrophotometric examination of its solution in 
0-3N-H,SO,, at a concentration of 3 mg./100 ml. Values for 
extinction are obtained at 340, 348 and 420 my. The pure 
product, usually obtained after one crystallization, should 
satisfy the following specifications: H499/E,, to be not 
greater than 0-015 and E54s/49/¢ to be not less than 0-130 
where c is concentration in mg./100 ml. The pure reagent 
should be stored in a dark bottle away from light. The 
absorption spectrum of a satisfactory sample is shown in 
Fig. 1. (Hopkin and Williams Ltd. now supply a grade of 
chromotropic acid (sodium salt), which satisfies these 
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criteria and has been used successfully without further 
purification.) In aqueous solution, chromotropic acid and 
the sodium salt are unstable. The decomposition encountered 
is of two types, one photochemical and the other inde- 
pendent of light. Photochemical decomposition of aqueous 
solutions is accompanied by variation in extinction readings 
at 340, 348 and 420 mu. and also by the appearance of 
a clearly visible orange colour which gives rise to a diffuse 
absorption between 390 and 480 my. The decomposition 
which occurs in the absence of light likewise affects the values 
of extinction at 340, 348 and 420 muz., but causes only very 
slight absorption in the 390—480 muy. range. However, in 
this instance the decomposition is accompanied by the 
appearance of a secondary absorption peak at 362 my. 
Both types of decomposition are minimized by the addition 
of SnCl, and storage away from light, and the stability of the 
acid is further increased by keeping it in strongly acid 
solution. 

Chromotropic acid reagent. The pure dry sodium salt of 
chromotropic acid (1 g.) is dissolved in hot water (100 ml.) 
and the solution filtered through glass wool to remove any 
insoluble sulphones. SnCl, (0-1 g.) is added and the turbid 
solution so obtained is diluted to 500ml. with H,SO, 
(66%, v/v). All operations are carried out in the dark and 
the final solution stored in a stoppered, brown glass con- 
tainer. The solution should be prepared fresh every 2 or 
3 days. 

Periodate solution. Sodium metaperiodate (0-015M) in 
H,SO, (0-045n) is diluted immediately before use with an 
equal volume of n-NaHCO,. This reagent is suitable for the 
oxidation of the simple substances described in this paper. 
However, since it is intended to use this technique to in- 
vestigate the rate and extent of formaldehyde production 
during the oxidation with periodate of polysaccharides and 
mucoids, substances which consume very much larger 
amounts of periodate than simple sugars to yield a given 
amount of formaldehyde, a more concentrated reagent has 
been used for much of this work. The reagent is prepared by 
adding a solution of NalO, (0-06M) in H,SO, (0-18) to an 
equal volume of a suspension of NaHCO, (2N). This reagent 
deposits a crystalline precipitate, presumably Na,;IO,, on 
standing. 

Lead dithionate. One mol. prop. of H,SO, is added to 
a solution of BaS,O, (20%, w/v), the BaSO, precipitate 
removed by centrifugation, and a slight excess of PbCO, 
added to the acid solution. After the reaction is complete 
the excess PbCO, is removed by centrifugation and the 
supernatant fluid added to ethanol (2-3 vol.). After stand- 
ing at 0° overnight, the crystals obtained (PbS,O,, 4H,O), 
are washed in ethanol and dried over CaCl,. The 
reagent consists of a 10%, w/v, solution in water. A 20%, 
w/v, solution is employed when the more concentrated 
oxidant is used. Solutions of the salt kept frozen at — 10° are 
stable for long periods. 

Formaldehyde solution. Commercial formalin solution, 
assayed by oxidation with H,O, in alkaline solution and back 
titration with acid, was used as a standard in the early part 
of this work. Such a solution may contain variable amounts 
of finely divided insoluble polymer in suspension, and it was 
preferable to use a formaldehyde solution prepared by acid 
hydrolysis of hexamethylenetetramine (MacFadyen, 1945). 
The formaldehyde so obtained was steam-distilled according 
to the method described by Boyd & Logan (1942), and 
preserved by addition of 2-3 ml. n-H,SO,/I. 
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Method 


Freshly prepared periodate-bicarbonate solution (1 vol.) 
is added to water (1 vol.) containing the material to be 
oxidized. The concentration of this material should be of the 
order of 0-01% for a monosaccharide, and appropriately 
reduced if serine or ethylene glycol are used. The initial pH 
of the solution is about 7-5, and the oxidation is allowed to 
proceed in the dark, at or below room temperature. 

At appropriate intervals, 1 ml. portions are withdrawn 
and pipetted into 1 ml. of PbS,O, solution in a conical 
centrifuge tube. After mixing and centrifuging, a 1 ml. 
portion of the supernatant is withdrawn (care being taken 
to avoid inclusion of any of the precipitate), placed in a 
second centrifuge tube, and chromotropic acid reagent 
(9 ml.) is added. (This and subsequent operations should be 
carried out away from direct light.) The mixed reagents are 
allowed to stand for 30 min.; the PbSO, is removed by 
centrifugation and the supernatant fluid transferred to a 
glass-stoppered tube and heated on a boiling-water bath for 
at least 30 min. The absorption at 570 my. is read on a 
Hilger spectrophotometer, or a colorimeter using a filter 
giving maximum transmission at 570 muy. can be used. 

Blank determinations. Blanks using distilled water, and 
suitable standards have been included in all determinations. 
A variation in the quality of any of the reagents was usually 
detected as a changed value for the blank. For example, 
solutions of periodate which had stood for a long time gave 
a brown colour to the blank, which normally was colourless. 
Exposure to light either of the mixture during the oxidation 
or of the final chromotropic acid solution likewise gave 
a colour and some absorption in the blank. As a means of 
comparing day-to-day variations in the blank and also of 
preventing increase in reading during exposure in the 
spectrophotometer, all readings have been taken against 
66 % (v/v) H,SO, and appropriate correction made. Slightly 
increased values of the absorption of blanks, standards and 
unknown materials, dependent on the age of the chromo- 
tropic acid reagent, have been observed. Such increase was 
accompanied by a slight discoloration in the blank. The use 
of freshly prepared reagent eliminated this effect, but in 
practice such a procedure was unnecessary in that, despite 
discoloration, the corrected absorption value was unaltered. 

Formaldehyde standard. It has been established by 
MacFadyen (1945) that solutions containing from 0 to 
17yug./ml. of formaldehyde when heated in sulphuric- 
chromotropic acid solutions under the conditions described 
here for the development of the colour give rise to a chromo- 
tropic acid complex with a maximum absorption at 570 mp. 
The extinctions at this wavelength are linear with concen- 
tration over this range. This has also been found to be true 
for standard formaldehyde solutions when these are made up 
in periodate-bicarbonate and precipitated with PbS,0,. 
Since standard solutions of ethylene glycol or glucose may be 
conveniently prepared by direct weighing, it has been found 
preferable to use these substances as standards in place of 
formaldehyde solutions. 


RESULTS 


Glucose and ethylene glycol. Glucose gives the 
theoretical yield of formaldehyde after oxidation 
for 30—40 min. with periodate at room temperature. 
In the range investigated (50-200 yg./ml.) the 
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Table 1. Oxidation of glucose and ethylene glycol at 16—18° 
Concentration Time of 
before addition contact with Extinctions Formaldehyde found 
of oxidant oxidant at 570 my. - — 
(ug-/ml.) (hr.) (2 em. cell) (ug.) (% of theory) 
Glucose 
100 1 0-490 16-7 100-0 
50 2 0-245 8-4 100-1 
100 2 0-491 16-7 100-0 
100 3 0-491 16-7 100-0 
100 4 0-491 16-7 100-0 
Ethylene glycol 
22-66 ] 0-640 21-8 99-5 
22-66 2 0-632 21-6 98-2 
22-66 3 0-630 21-5 98-1 
22-66 Be 0-630 21-5 98-1 
15-5 24 0-430 14-9 99-2 


theoretical yield is obtained with both the higher 
and lower concentrations of oxidant. Ethylene 
glycol is likewise oxidized rapidly and quanti- 
tatively to formaldehyde. Table 1 shows some results 
using these substances. In studying the rate and 
extent of formaldehyde formation by other sugars, 
polyhydric alcohols, and serine, known amounts of 
glucose or ethylene glycol have been oxidized at the 
same time and the formaldehyde produced by these 
substances used as reference standard. The extinc- 
tions shown in Table 1 have been regularly obtained. 
Glucose standards (Merck) were diluted as required 
from a 1 % solution which was kept frozen at — 10°. 
Ethylene glycol was distilled in vacuo from sodium 
hydroxide, dispensed in ampoules and weighed out 
as required. 

Serine. Using the dimedon reagent, Nicolet & 
Shinn (1941), and Martin, Synge & Bell (1941) 
assayed serine by estimating the formaldehyde 
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Fig. 2. Oxidation of serine, glucose and galactose at room 
temperature using 0-06M-NalO,in0-18N-H,SO,. A,serine 
(0-005 %, w/v); B, glucose (0-01%, w/v); C, galactose 
(0-01 %, w/v). 


produced by oxidation with periodate. Boyd & 
Logan (1942) similarly oxidized serine, distilled the 
formaldehyde, and estimated the latter by chromo- 
tropic acid. Desnuelle, Antonin & Daudet (1944) 
determined the formaldehyde produced by the 
Schryver reaction (Schryver, 1909). Recoveries in 
all cases have been from 90 to 99%. Using the 
dithionate method, serine (0-005 %, w/v) has been 
estimated and 97-2% of the theoretical yield of 
formaldehyde was obtained after oxidation at room 
temperature for 0-5 hr. (see Fig. 2). This figure did 
not alter appreciably after oxidation for 24 hr. At 
2° the formaldehyde obtained was equivalent to 
98-6 % of theoretical after oxidation for 3 and 10 hr. 

Monosaccharides. The oxidation of glucose, 
galactose and mannose has been studied by many 
workers (see Jackson, 1944; Courtois, 1948, 1951, 
for review of literature). Using solutions of these 
monosaccharides (0-01%, w/v) formaldehyde re- 
coveries obtained are shown in Table 2. The course 
of the oxidation of galactose and glucose is shown 
in Fig. 2. 

Polyhydric alcohols. These oxidations followed the 
course indicated by many workers and summarized 
by Courtois (1951). The oxidation of ethylene 
glycol has already been mentioned. Table 3 shows 


Table 2. Oxidation of glucose, galactose and 
mannose (0-01 %) at 16—18° and at 2 


(The range of values obtained represents the limits of 
many determinations using either 0-015m-NalO, in 
0-045N-H,SO, buffered with n-NaHCO, or 0-060m-Nal0, 
in 0-18N-H,SO, buffered with 2n-NaHCO,.) 

Formaldehyde found 
(% of theoretical) 





cr a 


Temp. Glucose Galactose Mannose 
16—18° 99-3-100-4 96-0-96-8 96-0-98-5 
2° 99-5-100-4 96-0-97-3 98-6-100-0 
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Table 3. The formaldehyde liberated from erythritol 
(0:004%), dulcitol (0-:005%), and mannitol 
(0-005 %) at 16-18° and at 2° 


(Oxidation mixture: 0-015M-NalO0, in 0-045N-H,SO, 
buffered with n-NaHCO,.) 


Formaldehyde found 

Period of (% of theoretical) 
oxidation -— 
(hr.) Erythritol 


Oxidation at 2 


53-8 
76-7 


94-2 


a 
Dulcitol Mannitol 


95-8 
95-8 
94-2 


18 100-9 

42 102-0 

115 99-5 
Oxidation at 16—18° 


18 100-3 105-4 
42 100-9 106-4 


96-1 
94-8 


the course of oxidation of erythritol (0-004%), 
dulcitol (0-005%), and mannitol (0-005%) at 
16-18° and at 2°. Glucose (0-01%) was used as 
standard throughout. The course of the oxidation 
was not followed in the early stages ; more prolonged 
periods of oxidation were studied so that the 
stability of the formaldehyde, once formed, could be 
observed. The results confirmed those of Head & 
Hughes (1952), in that substantial oxidation of the 
formaldehyde by periodate did not occur. The rate 
of oxidation of the hexahydric alcohols was similar 
to that of the monosaccharides. 
N-Acetylglucosamine. Jeanloz & Forchielli (1951) 
studied the oxidation of glucosamine and its 
derivatives with periodate and showed that the 
oxidation is complete and side reactions are 
eliminated if the oxidation is carried out in the dark 
and in a buffered medium at pH 4-5. The course of 
the oxidation was followed by measuring the con- 
sumption of periodate, but the formaldehyde pro- 
duced was not estimated. The liberation of formic 
acid and ammonia, two other products of periodate 
oxidation of these compounds, was followed. The 
optimal pH for measurement of formaldehyde 
during the oxidation of sugars by periodate has 
been shown to be about neutral or slightly alkaline 
(Jeanloz, 1944; Bell, 1948). Aminoff & Morgan 
(1951), using buffered periodic acid at room 
temperature and following the procedure of Reeves 
(1941), oxidized N -acetylglucosamine and estimated 
the formaldehyde as the dimedon derivative. 
A yield of 93-95 % of the theoretical amount was 
obtained. Under similar conditions, but employing 
the chromotropic acid method, the course of oxida- 
tion of N-acetylglucosamine has been followed, 
(Fig. 3), and 90 % of the theoretical yield of formal- 
dehyde was obtained. At 2° and under otherwise 
identical conditions, the yield of formaldehyde was 
increased to 97%. The effect of varying the pH of 
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Fig. 3. Oxidation at room temperature of N-acetylglucos- 
amine (0-01%), using 0-015m-NalO, in 0-045n-H,SO, 
buffered with n-NaHCO,. 


Table 4. Oxidation of glucose and N -acetylglucos- 
amine (0-01 %), at 2° at various pH values 


(Oxidation mixture 0-015 M-NalI0O, in 0-045n-H,SO, with 
various buffers.) 
Formaldehyde found 
% of theoretical) 
after 

Cc _ A 

2lhr. 45hr. 

Glucose 


7-5 (N-NaHCO,) 99-5 
5-0 (unbuffered) 9-8 
9-5 (borate) 99-5 


pH and buffer 69 hr. 141 hr. 


99-5 
27-4 
99-5 


99-5 
20-4 
99-5 


99-5 
14-9 
99-5 
N-Acetyiglucosamine 
97-0 97-0 
32-2 44-5 
42-8 51-4 


97-0 
66-1 
60-5 


97-0 
54:3 
52-9 


7-5 (N-NaHCO,) 
5-0 (unbuffered) 
9-5 (borate) 


the oxidation and the ions present is shown in 
Table 4. 

Miscellaneous observations. MacFadyen (1945) 
has recorded that a large number of aldehydes and 
also such biological materials as suspensions of 
Shigella sonneii and allantoic fluid do not interfere 
with the estimation of formaldehyde with chromo- 
tropic acid. Oxidation of fucose and threonine, 
together with ethylene glycol or glucose, has shown 
that acetaldehyde does not substantially affect the 
estimation of formaldehyde unless it is present in 
very much higher concentration than formaldehyde, 
as stated by MacFadyen (1945). Serine in the 
presence of threonine likewise gave results similar to 
those for serine alone. Glyoxal bisulphite gave no 
colour on heating with the chromotropic acid 
reagent. The absence of abnormality in the oxida- 
tion of serine indicated that glyoxylic acid was not 
causing interference. This was confirmed by oxi- 
dizing tartaric acid whence no colour was produced 
with the reagent. Finally, the indiffusible material 
obtained after thorough dialysis of a specimen of 
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blood-group substance which had been oxidized 
with periodate (Aminoff & Morgan, 1951) also gave 
no colour with the chromotropic acid reagent. 


DISCUSSION 


The oxidation of sugars with periodate under 
different conditions confirms that those described 
by Jeanloz (1944), in which the oxidation is carried 
out in the presence of bicarbonate buffer at about 
pH 7-5, are the most satisfactory. Sodium meta- 
periodate instead of the sparing] soluble potassium 
salt has been used so that the solution can be kept at 
room temperature without crystallization occurring. 
Oxidations carried out in phosphate buffer at the 
same pH were not as successful as those in bicarbon- 
ate buffer, presumably due to the formation of 
complex ions (Bell, Palmer & Johns, 1949), although 
Greville & Northcote (1952) consider the nature of 
the buffer to be without influence on the oxidation 
of some methylated hexoses. In view of the findings 
of Price & Kroll (1938) and Sarkar (1951), a large 
excess of periodate has been used in the oxidation 
stage. An excess of periodate was also essential in 
our experiments owing to the high dilution of the 
material oxidized. Furthermore, the oxidations 
have invariably been carried out in the dark to 
obviate the occurrence of both photochemical side 
reactions and reagent decomposition described by 
Head & Hughes (1952). 

The pH of the oxidant (7-5) is the initial pH only; 
the pH increases with time. Blank solutions as well 
as solutions containing oxidizable substances show 
a shift of pH to a more alkaline value; the changed 
values cannot, therefore, be entirely accounted for 
by iodate formation as assumed by Meyer & 
Rathgeb (1949). Using the conditions of Jeanloz 
(1944) and Reeves (1941), this shift was also 
apparent. While probably not affecting the work 
reported here, the pH change observed is likely to be 
of importance in the interpretation of the course 
of periodate oxidation of polysaccharides. It is 
suggested that the drift of pH may be the result of 
the slow attainment of an equilibrium between 
complex ionic species. Salts of the composition 
Na,[I(MoO,),], 13H,O and K,[I(Mo,0,,)] are known, 
ie. HIO, (and its hydrates) will form complex 
heteropolyanions in suitable circumstances. So far 
as is known, analogous sulphato-periodates or 
carbonato-periodates have not been described, but 
it is not improbable that some such complex anions 
exist, at any rate in solution. If so, the drift of pH 
observed becomes explicable. 

The conditions used by MacFadyen (1945) have 
been adapted with little modification in the pro- 
cedure used to determine free formaldehyde in 
solution. It was necessary to use chromotropic acid 
of high purity and to carry out the reaction in the 
dark and in all-glass, stoppered reaction vessels. 
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Amounts of formaldehyde of the order of 3—5 yg. are 
readily determined with an accuracy of 1-2 %. 

A number of compounds have been oxidized and 
assayed for formaldehyde by the method described, 
the results in general confirming those of other 
workers. Galactose is oxidized more slowly than 
glucose, and a difference in rate of reaction is also 
apparent on oxidation of dulcitol and mannitol. 
The slight departures from theoretical yields of 
formaldehyde may be due, in some cases, to small 
amounts of impurities in the materials oxidized, 
since these were ordinary laboratory samples, but we 
have no direct evidence of this (see Tables 2 and 3). 

The oxidation of N-acetylglucosamine has pro- 
vided the only unexpected result. The oxidation of 
this compound is apparently much more sensitive to 
temperature change than is that of glucose. More- 
over, it is not clear why oxidation of this acetyl- 
amino sugar at high pH and in borate buffer is in- 
complete and much slower than for glucose, and 
why the unbuffered oxidation at pH 5 is more rapid 
for N-acetylglucosamine than for glucose. It is 
possible that at low pH N-acetylglucosamine, 
unlike simple hexoses, tends to assume the furanose 
rather than the pyranose form (see Courtois, 1951). 

Preliminary observations on the oxidation of 
disaccharides have shown that 1:4 linked sugars 
(lactose and maltose) yield more than the theoretical 
one molecule of formaldehyde per molecule of sugar, 
the yield in most instances being almost double this 
amount (Jeanloz, 1944). Small quantities of for- 
maldehyde were detected in the oxidation of tre- 
halose and sucrose, and the 1:6 linked melibiose 
yielded traces of formaldehyde on prolonged 
oxidation (3 days). The oxidation of disaccharides, 
polysaccharides and mucoids, as measured by the 
formaldehyde liberated, is being studied and will be 
reported elsewhere. 


SUMMARY 


1. A micro-method is described for the estima- 
tion, in situ, of the formaldehyde which arises from 
the oxidation of carbohydrates and other substances 
with sodium periodate. 

2. Lead dithionate is used to remove the excess 
periodate and inorganic reaction products. 

3. The method has been applied to the products 
of oxidation of some monosaccharides, polyhydric 
alcohols, serine and N-acetylglucosamine. 

4. The conditions under which oxidations of 
carbohydrates with periodate are most suitably 
performed are discussed. 
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The Respiratory and Adenosinetriphosphatase Activities 
of Skeletal-Muscle Mitochondria 


By J. B. CHAPPELL anp S. V. PERRY 
Department of Biochemistry, University of Cambridge 


(Received 18 April 1953) 


The study of the functions and enzymic nature of 
isolated mitochondria has been carried out mainly 
on particles obtained from liver. Kidney prepara- 
tions have received some attention, but only 
recently have attempts been made to study mito- 
chondria isolated from other tissues, such as, for 
example, from brain (Brody & Bain, 1952) and from 
mammary gland (Moore & Nelson, 1952). 

A number of the oxidative systems, now usually 
associated with intact mitochondria, have been 
studied in muscle for several decades. Keilin & 
Hartree (1938, 1939) and Stern (1939) carried out 
early work on the nature of preparations from heart 
muscle which showed succinic oxidase activity and 
which were particulate in nature, but it is only very 
latterly that detailed studies have been made on 
heart-muscle particles isolated to correspond as 
closely as possible to their natural state in the cell 
(Harman & Fiegelson, 1952a; Slater & Cleland, 
1953). Skeletal muscle has received even less 
attention, although recently communications have 
appeared on the enzymic properties of insect flight- 
muscle mitochondria (Watanabe & Williams, 1951; 
Sacktor, 1953), and the adenosine triphosphatase 


(ATPase) activity of the particulate components of 
rabbit skeletal muscle has been investigated by 
Perry (1952a). 

Skeletal muscle is quantitatively by far the most 
important tissue for the oxidation of many meta- 
bolites, and for this reason alone its mitochondrial 
system merits study. This apparent neglect is no 
doubt due to the fact that the resting respiration 
rate of skeletal muscle from many animals is very 
low and that, in contrast to liver, the cells contain 
fewer granules, myofibrils being the dominant 
feature of the muscle cell. Paul & Sterling (1952) 
have prepared cyclophorase preparations from the 
skeletal muscle of various species, and report that 
many are poor in oxidative activity and that in 
general a correlation exists between granule count 
and oxidative activity. Cyclophorase preparations 
from muscle may, however, be very poor in mito- 
chondria because this preparation contains, as main 
contaminant, the myofibrillar fraction which may 
account for 90-60 % of the total nitrogen, depend- 
ing on the type of muscle. 

We have investigated the oxidative activities of 
granules from back and leg muscle of the rabbit, 
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rat- and hamster-leg muscle, and pigeon-breast 
muscle. The last preparation was found most suit- 
able for our purpose and was used for most of the 
studies reported here. These studies constitute 
a preliminary approach to the investigation of the 
metabolism of adenosine triphosphate (ATP) in 
the skeletal-muscle cell with special reference to 
the organization of these processes in relation to the 
intracellular components. 

A preliminary account of this work was presented 
at the Second International Congress of Bio- 
chemistry (Chappell & Perry, 1952). 


EXPERIMENTAL 


Granule preparation. All stages of the preparations and 
fractionations were carried out in the cold room at 1-2°. 
Breast muscle from a pigeon killed by decapitation was 
removed as quickly as possible and cooled in ice-cold 8-5 % 
(w/v) sucrose. The muscle was blotted with filter paper, cut 
into small cubes and passed through a previously chilled 
Latapie mincer. The mince was then suspended in 9 vol. of 
85% sucrose, comminuted in the Potter-Elvehjem all-glass 
homogenizer, and centrifuged for 5 min. at 600 g to remove 
myofibrils, nuclei and cell debris. An appreciable proportion 
of the granules with oxidative activity was brought down in 
the myofibrillar fraction, but in routine preparations this 
fraction was discarded for reasons of speed and convenience. 
The turbid supernatant was decanted into 50 ml. plastic 
centrifuge tubes and centrifuged for 10 min. at 3500 g in the 
Servall angle centrifuge. This procedure sedimented out the 
mitochondria, which were resuspended in 8-5% sucrose 
with the aid of a pipette, and washed once or twice by re- 
peating the high-speed centrifugation. The actual volume 
used for the final resuspension varied with the enzymic 
assay to be carried out, but usually the mitochondria from 
200 ml. of 10% suspension were resuspended in 20 ml. 

Similar procedures were employed for the preparation of 
granules from hamster- and rat-leg muscles, and from heart 
muscle. In the case of rabbit back and leg muscle the yield 
was so poor that it was necessary to resuspend in fresh 
85% sucrose solution the residue obtained after the low- 
speed centrifugation. The supernatants thus obtained were 
combined, and the granules sedimented by centrifugation at 
8000 g for 15 min. 

Fractionation of pigeon-breast muscle suspensions. A 10% 
pigeon-breast suspension, prepared as described above, was 
passed through cheese cloth to remove any fibrous material 
or pieces of unbroken tissue. Enzymic assays were carried 
out simultaneously on the following fractions within 90 min. 
of the death of the pigeon. (i) Whole suspension (untreated) ; 
original suspension stored at 0° and not centrifuged. 
(ii) Whole suspension (centrifuged and resuspended); 50 ml. 
suspension centrifuged for 5 min. at 600g followed by 
resuspension with the Potter-Elvehjem homogenizer. 
Repeated twice. (iii) Mitochondria; 50 ml. suspension 
processed as described for fraction (ii) but with the difference 
that the supernatant was removed after each centrifugation. 
Fresh 8-5% sucrose was added to the residue to bring the 
volume back to 50 ml. before resuspension. The combined 
supernatants were centrifuged at 3500g for 10 min. to 
sediment the mitochondria, which were washed once and 
dispersed in 50 ml. 8-5% sucrose. (iv) Residue; fraction 
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remaining after the removal of successive supernatants for 
the preparation of mitochondria as described in (iii). 
Resuspended in a final volume of 50 ml. 8-5% sucrose. 
(v) Supernatant; 50 ml. suspension processed as described in 
(ii). After the third centrifugation the supernatant was 
removed, the mitochondria were sedimented as in (iii) and 
the clear supernatant was used directly for enzymic assay. 
An undiluted supernatant was used, since dilution affects the 
activity of some enzymes. Some experiments were carried 
out using the combined diluted supernatants obtained after 
removal of the mitochondria as described in (iii). The results 
with the supernatant prepared in this way were essentially 
the same as those obtained with the undiluted supernatant. 

Adenosine triphosphatase activity. ATPase activity was 
determined in the presence of 0-025m-glycylglycine-NaOH 
buffer, pH 7-4, 0-3 ml. ATP (0-:04—0-05m-Na salt), and 
MgCl,, MgSO, or CaCl, as activators. Tonicity was varied by 
the addition of 1-0m-sucrose. The final volume was 2-0 ml. in 
all cases. Incubations were carried out at 17 and 30°. The 
reaction was started by addition of the mitochondrial 
suspension and stopped with 1-0 ml. 20% (w/v) trichloro- 
acetic acid. Phosphate was estimated by the method of 
Fiske & Subbarow (1925). 

Manometric experiments. These were carried out at 17 and 
30° in Warburg manometers of approximately 20 ml. gas 
space, which had been calibrated by the method of Dickens 
(1951). KOH (0-2 ml., 20%, w/v) was added to the centre 
well and a roll of Whatman no. 40 (starch-free) filter paper 
inserted, as recommended by Dixon (1951). The mito- 
chondrial suspension was added directly to the main vessel, 
and readings were begun 5 or 10 min. after immersion in the 
bath, the shorter equilibration time being used at the lower 
temperature. Readings were taken at 5 min. intervals 
without bringing the manometers to rest. 

Measurement of oxidative phosphorylation. Experiments 
were carried out in Warburg manometers at 17°. The 
medium consisted of 0-025m-glycylglycine-NaOH buffer, 
pH 7-4; 0-005 m-MgSO,, 5 umoles ATP, 30 wmoles potassium 
phosphate buffer, pH 7-4, 40 umoles sodium «-ketoglutarate, 
60 umoles glucose, 0-005M-NaF. Tonicity was varied by the 
addition of sucrose and KCl. Finally 0-2 ml. hexokinase in 
1% (w/v) glucose was added immediately followed by the 
mitochondrial suspension. The total volume was 4-0 ml. 
Trichloroacetic acid (0-5 ml., 20%, w/v) was added from the 
side bulb after 5 min. equilibration in the control flasks, and 
5-25 min. later in the experimental flasks. Phosphate 
estimations were carried out on the trichloroacetic acid 
filtrate. 

Succinic dehydrogenase activity. Succinic dehydrogenase 
activity was determined in Warburg manometers at 30° in 
the presence of 0-001M-methylene blue, 0-025m-sodium 
succinate and 0-15m-phosphate buffer, pH 7-4. The total 
volume was 4-0 ml. The enzyme was added directly to the 
main compartment of the manometer vessel. 

Hexokinase activity. Hexokinase activity was measured 
by following the disappearance of the inorganic phosphate P 
liberated in 7 min. by N-HCl at 100° when the enzyme was 
incubated with glucose and ATP. These estimations were 
carried out in a medium corresponding as closely as was 
possible in composition to that used for the oxidative 
phosphorylation experiments. 

Adenosine triphosphate. ATP was prepared as a routine in 
this laboratory as the barium salt. The method used was 
based on that of Needham (1942) and included treatment 
with 8-hydroxyquinoline to remove heavy-metal impurities. 
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Barium ATP was converted into the sodium salt by the 
procedure of Bailey (1942), the solution adjusted to pH 6-5 
and 10 ml. samples stored at — 15°. Dr K. Bailey (personal 
communication) has shown, using ion-exchange columns, 
that such ATP preparations may contain as much as 15% 
adenosine diphosphate on a molar basis. Using hexokinase 
it has been confirmed that these preparations usually con- 
tain 85-90% ATP. The ratio of labile P to total P is an un- 
satisfactory criterion for the purity of ATP preparations; for 
example, a mixture containing 15% ADP would give a ratio 
of 0-65, whereas for pure ATP the ratio is 0-67. It seems 
likely that most ATP preparations made in a similar manner 
will contain adenosine diphosphate (ADP) unless special 
measures have been taken to remove it (see Cohn & Carter, 
1950). 

Hexokinase. Hexokinase was prepared from yeast 
supplied by the Ark Yeast Co., using the method of Kunitz & 
McDonald (1946). 

Triphosphopyridine nucleotide (TPN). This was pre- 
pared by the method of Warburg, Christian & Griese 
(1935). 

Cytochrome c. Cytochrome ¢ was prepared by the method 
of Keilin & Hartree (1945). 

Carboxylic acids. Citric and succinic acids were A.R. 
preparations, the fumaric acid was supplied by Gentosan 
and the malic acid by Light and Co. Ltd. Pyruvic and «- 
ketoglutaric acids were made by Mr B. R. Slater by the 
methods of Robertson (1942) and Friedman & Kosower 
(1946), respectively. The pyruvic acid was stored in the 
refrigerator as a 0-3M-solution of the sodium salt adjusted to 
pH 5-0. Immediately before use this stock solution was 
diluted to 0-1m and the pH brought to 7-4. 

Removal of heavy-metal impurities with 8-hydroxyquinoline. 
All reagents were tested for heavy-metal impurities by 
shaking their aqueous solutions with a very small volume of 
CHCl, containing 0-5% 8-hydroxyquinoline. If the CHCl, 
phase darkened, heavy-metal impurities were presumed to 
be present. These were removed as follows. A concentrated 
solution of the reagent was brought to about pH 7 ifstable at 
this pH, extracted twice with 0-5% 8-hydroxyquinoline in 
CHCl, solution, washed with two portions of CHCl, and the 
reagent recrystallized or precipitated with ethanol. It was 
found necessary to treat the succinic and fumaric acids in 
this way. 


RESULTS 


General properties of pigeon-breast mitochondria. 
Mitochondrial preparations in 0-25M-sucrose were 
obtained as pale biscuit-coloured suspensions which 
microscopic examination showed to consist of 
spherical bodies 1—2 p. in diameter, completely un- 
aggregated and moving freely on the slide. These 
preparations consisted mainly of the large granular 
components of the muscle and will be referred to as 
mitochondria in view of the association with them 
of practically all the oxidative activity of whole 
pigeon muscle. High magnification phase contrast 
was the most satisfactory method of microscopic 
observation, for under these conditions it was not 
necessary to use stain, which tended to aggregate 
the preparations. When viewed with the electron 
microscope the granules appeared as_ spherical 
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bodies which varied considerably in size, the 
largest being approximately 2 yu. in diameter. 

In the visible region the mitochondrial suspen- 
sions showed a strong absorption spectrum con- 
taining bands corresponding to cytochromes a, b 
and c. These bands were particularly conspicious 
after reduction with succinate or dithionite, 
Myoglobin could not be detected in the preparations, 
Fig. 1 shows the cytochrome spectrum of the mito- 
chondria together with that of yeast for comparison 
(these photographs were kindly taken by Dr R. 
Hill and Dr H. E. Davenport). 


Wavelength (muz.) 


550 500 400 


625 600 450 


Fig. 1. Absorption spectra: (a) and (c) suspension of 
pigeon-breast mitochondria in the presence of succinate; 
(b) compressed baker’s yeast. 


The mitochondria appear to maintain their 
spherical shape when stored for as long as 10 days at 
0°, and even after repeated freezing and thawing 
microscopically apparent changes could not be 
readily detected. 

Oxidation of Krebs’s cycle intermediates. In 
general the initial rates of oxidation of citrate, «- 
ketoglutarate, succinate, fumarate and malate by 
different mitochondrial preparations were Tre- 
markably constant. Table 1 shows the initial rates of 
oxidation at 30° of these tricarboxylic acid cycle 
intermediates. It will be noted that the rate of 
oxidation of citrate was substantially lower than 
that obtained with the other acids. The view that 
TPN might be a limiting factor in the system was 
supported by the observation that the’ addition of 
this co-enzyme increased the rate of citrate oxida- 
tion; for example, in ope experiment 0-015 % TPN 
increased the oxygen uptake from 112 to 194yl. 
O,/mg. N/hr. 
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the Table 1. Oxidation of Krebs’s cycle intermediates 


by pigeon breast muscle mitochondria at 30° 





spen- 


(Each manometer vessel contained 50yumoles of sub- 



















con- 

a, b | states 0-005mM-MgCl,, 5x10-°m-cytochrome c, 0-01m- 

Me tassium phosphate buffer pH 7-4, 10umoles ATP and 
Clous yw : . ” 

: 1-0 ml. mitochondrial suspension. Total vol., 4-0 ml. The 
nite. experiments were commenced 60 min. after the death of the 
10s. animal.) 
nito- Initial rate of oxygen uptake 
rison (ul./mg. N/hr.) 
rR gees Sg =o 

: Substrate Prep. 1 Prep. 2 
Citrate 100 120 
a-Ketoglutarate 350 370 
Succinate 470 450 
Fumarate 225 220 
p-Malate 265 290 








Table 2. Oxidation of pyruvate by pigeon-breast 


mitochondria at 30° 








(The conditions were as in Table 1. 0-0125M-sodium 
pyruvate, 0-00125m-sodium malate added as indicated 
below.) 





Initial rate of oxygen uptake 
(ul./mg. N/hr.) 








C ‘ 





Substrate Prep. 1 Prep. 2 
Pyruvate 0 0 
Malate 100 100 
Pyruvate + malate 300 280 





Pyruvic oxidase activity. At 30° pyruvate was 
not oxidized by pigeon-breast mitochondria at a 
measurable rate. In the presence of ‘sparker’ 
concentrations of malate (0-001m) the rate of 





















of oxygen uptake became considerably higher than 
te; that obtained with the ‘sparker’ malate alone (see 
Table 2). This oxidation of pyruvate, however, fell 
offsharply until after 25-30 min. there was virtually 
oir no oxygen uptake in excess of that due to the 
at ‘sparker’ malate. Varying the sucrose concentration 
ng in the manometer pot from 0-063 to 0-30m did not 
be alter the rate of pyruvate oxidation when 0-001 m- 
fumarate was used as a ‘sparker’, nor was there any 

In change in the rate at which inactivation took place. 
&- At 17° the oxidation of pyruvate was far less 
oy labile and the rate was maintained for periods up 
eo to 80min. The results of experiments at this 
of temperature are presented in Table 3 and they 
le clearly demonstrate the need for low concentrations 
of of malate for the oxidation of pyruvate by pigeon- 
mn breast mitochondria. It will be seen from Fig. 2 that 
at both Mg?+ and ATP were essential additions for full 
As activity of the pyruvic oxidase system, whereas 
of cytochrome c had no effect either on the initial rate 
. of oxidation or on the maintenance of this rate. The 
N succinic oxidase system of the mitochondria showed 





a similar insensitivity to added cytochrome ec. 
Freezing and thawing the mitochondria six times 






SKELETAL-MUSCLE MITOCHONDRIA 








589 


Table 3. Pyruvate oxidation by pigeon-breast 
mitochondria at 17° 


(Each manometer contained 0-005 M-MgSO,, 2-5 x 10-®m- 
cytochrome c, 1l0umoles ATP, 10yumoles potassium 
phosphate pH7-4, 0-01m-glycylglycine-NaOH buffer 
pH7-4, 40umoles potassium pyruvate and 5ymoles 
sodium malate were added as indicated below, followed by 
lml. of mitochondrial suspension. Total vol., 4 ml. 
Readings commenced after 7-5 min. equilibration.) 

Initial rate of oxygen uptake 
(ul./mg. N/hr.) 





c , ~ 
Substrate Prep. 1 Prep. 2 Prep. 3 
Pyruvate 49 _— 60 
Malate 30 34 46 
Pyruvate + malate 218 200 224 
No substrate 18 — 28 








8 


8 


8 


O2 uptake (yul.) 


8 


8 


0 10 20 30 40 50 60 70 


Time (min.) 


Fig. 2. The effect of cytochrome c, Mg**, and ATP on the 
malate-‘sparked’ oxidation of pyruvate by washed 
pigeon breast muscle mitochondria at 17°. Conditions as 
in Table 3. O—O, complete system with or without 
cytochrome c; []—(L], Mg** omitted; ATP 
omitted or Mg?+ and ATP omitted. 


x—*xX, 


increased the requirement for magnesium ions and 
ATP, but still no increase in the rate of pyruvate 
oxidation could be demonstrated on the addition of 
cytochrome c. 

Localization of the succinic and pyruvic oxidase 
systems. In all tissues so far examined almost the 
whole of the intracellular oxidative activity has 
been found to be associated with the large granule 
fraction. 

Skeletal muscle is unique in that although it is 
capable of high oxidative activity, the dominant 
features of the cytoplasm are myofibrils, and the 
granules lying between these structures, the sarco- 
somes, are arranged in apparently regular fashion 
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Table 4. Localization of oxidative activity in pigeon-breast suspensions 


(For details of fractionation, see Methods. Assays were carried out at 17° in the presence of 0-005 M-MgSO,, 40 umoles 
potassium phosphate pH 7-4, 0-05m-glycylglycine pH 7-4, 5umoles ATP, 2 x 10-5m-cytochrome c and 0-25M-sucrose, In 
the case of the succinoxidase experiment, 40 zmoles sodium succinate were added, and for the pyruvic oxidase, 40 umoles 
sodium pyruvate and 5moles sodium malate. Total vol., 4-0 ml.) 


Pyruvic oxidase activity 


(ul. O./ 
mg. N/hr.) 


(ul. O./ 


Fraction ml./hr.) 


Whole suspension 


(a) Untreated 
(b) Suspended, centrifuged, 
not separated 


Residue (myofibrils, nuclei, etc.) 16 
Mitochondria 


46 
39 


130 
110 


Supernatant 
Recovery in all fractions 


and in close association with them. In view of this 
close association it was of interest to determine the 
pattern of the intracellular distribution of oxidative 
activity in this tissue. Table 4 contains the sum- 
marized results of experiments on the distribution of 
pyruvic and succinic oxidase activities in a sus- 
pension of pigeon-breast muscle which was initially 
strained through muslin to remove the coarse 
fibrous tissue particles. It is clear that the major 
portion of the activity of the suspension with 
respect to both systems was associated with the 
mitochondrial fraction. The residue, which con- 
sisted mainly of myofibrils contaminated with 
nuclei, stroma, etc., and the supernatant, in which 
the glycolytic enzymes are to be found, contained 
little activity. When the results are expressed as 
pl. O,/mg. N/hr. the concentration of both oxidase 
systems on the mitochondria is made very evident. 

Respiratory granules from other skeletal muscles. 
Granules with respiratory activity have been ob- 
tained from rabbit-, rat- and hamster-skeletal muscle 
but have been studied less extensively than pigeon- 
breast mitochondria. Considerable variation was 
obtained in the yields from different muscles, the 
relative abundance of granules being as follows: 
pigeon-breast > hamster-leg > rat-leg > rabbit-back 
and rabbit-leg muscles. Thus 15-21 % of the total 
nitrogen of pigeon-breast muscle is accounted for by 
the mitochondrial fraction sedimented at 3500 g, 
whereas in rabbit muscle the granules require 
8000 g to be sedimented in any quantity and then 
only make up 3-4% of the total nitrogen of this 
tissue. 

The succinic oxidase activity of the granules 
obtained from rat- and hamster-leg muscle was 
essentially the same as those of pigeon-breast mito- 
chondria when compared on a nitrogen basis (see 
Table 1 for assay conditions). Rabbit-muscle 
granules had lower succinic oxidase activity; for 


Succinoxidase activity 
“Tr 
(ul. O,/ Activity 


Y & 
Activity (ul. O,/ 
mg. N/hr.) % 


%) ml./hr.) 


160 123 (100) 


(100) 


14-5 2 2-5 
82 


96-5 


example, two assays carried out at 20 and 30° gave 
oxygen uptakes of 24 and 93,yl./mg. N/hr. re- 
spectively. The preparation from rabbit muscle 
required more extensive manipulation than was 
needed for the granule preparation from other 
muscles, and microscopic examination indicated the 
presence of occasional myofibrils. 

Rabbit skeletal-muscle myofibrils, prepared as 
described in an earlier communication (Perry, 
19526), were completely without succinic dehydro- 
genase or oxidase activity. 

It proved impossible to obtain an oxidation of 
pyruvate by rat leg-muscle granules under condi- 
tions in which pigeon-breast mitochondria showed 
rapid oxygen uptake. 

Oxidative phosphorylation. Attempts to show an 
uptake of inorganic phosphate with adenylic acid or 
creatine as acceptor and either «-ketoglutarate or 
glutamate as substrate were uniformly unsuccessful. 
Frequently an increase in inorganic phosphate 
occurred during the incubation due to the fact that 
the added ATP was hydrolysed. When incubations 
were carried out at 17° some improvement was 
obtained, for although there was little uptake of 
inorganic phosphate after periods of 15 min. at least 
over the equilibration period there was a definite 
fall in the inorganic phosphate level in the mano- 
meters. 

Rat-liver mitochondria prepared in the same way 
as the pigeon-breast preparations and assayed 
using the same solutions, behaved differently in 
that they showed a marked uptake of inorganic 
phosphate. The uptake of phosphate in both pre- 
parations was completely prevented by 5 x 10-°m- 
2:4-dinitrophenol (DNP). This difference in ap- 
parent phosphorylating ability can be explained 
partly by the relative ATPase activity of the 
mitochondria of pigeon breast and liver. When 
freshly prepared, rat-liver mitochondria had only 
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Table 5. Effect of 2:4-dinitrophenol on oxidative phosphorylation and AT Pase activity of rat-liver 
and pigeon breast muscle mitochondria 
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(All experiments were carried out simultaneously. Each incubation mixture contained 0-005m-MgCl,, 2 x 10->m-cyto- 
chrome c, 40 zmoles sodium glutamate, 10 umoles potassium phosphate pH 7-4, 40 umoles sodium adenylate, 0-005mM-NaF, 
(0-25 m-sucrose, 0-05Mm-glycylglycine-NaOH buffer pH 7-4, and 5 x 10-5m-2:4-dinitrophenol (DNP) where indicated. Total 
vol., 4-0 ml. ATPase assays were carried out in 0-25m-sucrose. Incubations at 17° throughout.) 


O, consumption 
(by extrapolation) 
(atoms/ml./15 min.) 


Source of 
mitochondria —DNP +DNP 
Rat liver 57 11-4 
Pigeon breast 7:3 3-3 


Inorganic P esterified 


* There was no fluoride present in the incubation medium in these assays. 


Table 6. Oxidative phosphorylation by pigeon-breast mitochondria with «-ketoglutarate as substrate 
and glucose and hexokinase as phosphate acceptor system 


ATPase activity* 
(moles inorganic P 


(moles/ml./15 min.) liberated/ml./5 min.) 





oo ~ c ‘ 
—DNP +DNP —DNP +DNP 
9-3 -2-0 4-5 24-5 
2-8 —2-0 23-0 24-0 


(For experimental details see Methods section. The mitochondria were normally not washed after sedimentation except in 


preparation 5 when they were washed once.) 


Prepara- 
tion 
no. Preparation medium Further additions 
None 
] 0-25 M-sucrose 


| 0-15M-KCl 


0-:15m-KCl 


bo 





0-25 M-sucrose 


0-25 m-sucrose + 0-001 M- 
4 ethylenediaminetetra- 
acetic acid 


acetic acid 


acetic acid 


one-fifth to one-sixth the ATPase activity of a 
pigeon-breast preparation obtained under similar 
conditions and showing a comparable oxygen 
uptake with «-ketoglutarate as substrate (Table 5). 

The use of hexokinase and glucose as a phosphate- 
acceptor system produced a definite uptake of 
inorganic phosphate when «-ketoglutarate was used 
as substrate and incubation was carried out at 17°. 
Table 6, summarizing the results of a number of 
experiments carried out to demonstrate oxidative 
phosphorylation, illustrates the following features. 
(i) As has already been shown with heart-muscle 
mitochondria by Slater & Cleland (1952), the in- 
corporation of 0-001 M-ethylenediaminetetraacetic 
acid (Versene) in the 0-25m-sucrose used in pre- 
paring the pigeon-breast mitochondria had a 
beneficial effect on the P:O ratio. (ii) Higher P:O 
ratios were obtained when the medium in the 





« 0-25m-sucrose + 0-01 M- 
| ethylenediaminetetra- 


0-25 m-sucrose + 0-01 M- 
ethylenediaminetetra- 


Time Oxygen Inorganic 

interval uptake P uptake P:0 

(min.) (watoms) (umoles) ratio 
5-10 6-4 16 0-25 
5-15 11-8 2-5 0-21 
5-10 6-8 4-1 0-60 
5-15 11-9 7-2 0-61 
5-10 4-1 7-4 1-85 
5-15 8-2 12-3 1-50 





6-4 2-10 

5-15 12-9 20-5 1-67 
5-20 16-6 25-7 1-55 
5-10 2-5 0 2-00 
5-15 5-2 ‘9 1-50 
5-20 6-4 “2 1-45 
2 -30 











manometer vessels was made isotonic by the addi- 
tion of sucrose. (iii) The addition of 0-01 M-ethylene- 
diaminetetraacetic acid to the medium used for the 
demonstration of oxidative phosphorylation pro- 
duced little if any increase in the uptake of inorganic 
phosphate. (iv) Washing the granules tended to 
destroy their power of oxidative phosphorylation. 
The adenosine triphosphatase activity of pigeon- 
breast mitochondria. Mitochondrial preparations 
from pigeon-breast muscle readily liberated in- 
organic phosphate from ATP at pH 7-4. From 
microscopic examination and a study of the 
characteristics of the enzyme it was obvious that the 
ATPase activity could not be attributed to myo- 
fibrillar contamination. The evidence strongly 
suggested that the production of inorganic phos- 
phate from ATP was due to an enzyme similar to 
that already reported to be present on granules 
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isolated from rat and rabbit muscle (Perry, 1952a), 
and comparable to the ATPase invariably found to 
be present in mitochondria isolated from other 
tissues (Kielley & Kielley, 1951). At pH 7-4 the 
enzyme was activated by magnesium ions and to 
a less degree by calcium ions, although at the higher 
concentration of calcium the activity was quite 
marked. Fig. 3 shows a typical ion activation curve 
from which it will be seen that under the specified 


° ° 
oa ec 


P liberated (mg./m! mitochondria) 


0:01 0-02 0:03 0-04 0:05 
Molarity of activator 
Fig. 3. The effect of Mg?+ and Ca?* on the ATPase activity 
of pigeon-breast-muscle mitochondria at pH 7-4. ©—©, 
Mg?+; x— x, Ca?+. Incubation at 30°. 


conditions, 0-005M-magnesium chloride produced 
maximal activation, whereas with calcium chloride 
no sharp maximum was obtained. Pigeon-breast 
preparations did not liberate phosphate from B- 
glycerophosphate at pH 7-4, but showed slight 
pyrophosphatase activity at this pH. In these 
properties the pigeon-breast mitochondria closely 
resembled the granules isolated from rabbit muscle. 

Under the conditions of the experiments re- 
ported above, the mitochondria showed no latent 
ATPase activity (Kielley & Kielley, 1951) and 
progress curves were linear for incubation periods 
up to 15 min. The q, values (yl. P/mg. N/hr.) ranged 
from 2300 to 1400, the lower values usually being 
obtained with those mitochondrial preparations 
which had been washed several times with 0-25m- 
sucrose (Table 7). Preliminary experiments have 
shown that by no means all the magnesium- 
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activated ATPase of myofibril-free granule sus- 
pensions obtained from pigeon-breast muscle is 
associated with the mitochondrial fraction, for even 
after centrifugation for lhr. at 140 000g some 
ATPase activity remained in the supernatant. 

Attempts to demonstrate on the mitochondria 
a latent ATPase such as has been reported for liver 
(Kielley & Kielley, 1951) were uniformly unsuccess- 
ful when the preparation was carried out in 0-25m- 
sucrose. In attempts to increase the ATPase 
activity of freshly prepared pigeon-breast mito- 
chondria the following procedures were employed: 
treatment with 5x 10-°m-DNP; freezing followed 
by thawing, repeated six times; incubation at 30° 
for 2 hr.; dispersion in the Waring Blendor; ageing 
by storing at 0°. In one case only, out of many 
experiments, was an activation obtained. In this 
case the increase was about 15% after repeated 
freezing and thawing, but it was not considered 
significant. When 0-001M-ethylenediaminetetra- 
acetic acid was introduced in the 0-25 M-sucrose used 
for the isolation of the mitochondria, it was apparent 
that ageing at 0° and treatment with DNP produced 
an increase in the ATPase of these preparations. 
Before the latter effect could accurately be inter 
preted as an example of latent ATPase activity, it 
was necessary to carry out some preliminary in- 
vestigations on the effects of both ethylenediamine- 
tetraacetic acid and DNP on the mitochondrial 
enzyme. 

Ethylenediaminetetraacetic acid itself inhibited 
the ATPase activity of pigeon-breast mitochondria. 
The magnesium-activation curve of the enzyme 
(Fig 4) undergoes significant modification in the 
presence of 0-01 mM-ethylenediaminetetraacetic acid; 
the activity is considerably reduced, the maximum 
is flatter and occurs at a higher magnesium-ion 
concentration than it does in the absence of the 
chelating agent. Even at high magnesium-ion con- 
centrations, when the molarity of the latter ion is 
2-5 times as great as the ethylenediaminetetra- 
acetic acid there is still considerable inhibition. It 
was necessary to establish that, in the presence of 
ethylenediaminetetraacetic acid, DNP did not 
activate the ATPase activity of aged mitochondria, 
i.e. those with no latent ATPase activity. Fig. 5 
clearly shows that increasing the ethylenediamine- 


Table 7.° The activity of pigeon-breast mitochondrial ATPase 


(The incubation medium contained 0-005mM-MgSO,, 12-15ymoles ATP, 0-05M-glycylglycine-NaOH buffer pH 7-4, 
0-25M-sucrose, 0-1 ml. mitochondrial suspension. Total vol., 2-0 ml. Incubation at 17°.) 


Moles inorganic P 


Preparation Times Mg. N/ml. liberated/min./ 
washed suspension mg. N pl. P/mg. N/ hr. 


None 1-92 
Once 2-10 
Twice 2-08 
Twice 1-76 


1-69 _ 2270 
1-32 1770 
1-06 1420 
1-07 1440 
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Fig. 4. The effect of Mg*+ on the ATPase activity of pigeon 
breast muscle mitochondria at pH 7-4. Incubation at 17° 
in 0-25M-sucrose. O—O, in the absence of added 
ethylenediaminetetraacetic acid; x—x, with 0-01m- 
ethylenediaminetetraacetic acid. 


P liberated (pg.) 


10 20 
Concentration of DNP (™ x 10-4) 


Fig. 5. The effect of DNP on the Mg*+ activated ATPase of 
pigeon-breast mitochondria in the presence of ethylene- 
diaminetetraacetic acid at pH7-4. The histograms 
represent ATPase activity with increasing DNP concen- 
tration: A, in absence of ethylenediaminetetraacetic acid ; 
B, 0-005M-ethylenediaminetetraacetic acid; C, 0-01m- 
ethylenediaminetetraacetic acid. The enzymic assays 
were carried out simultaneously with samples of the same 
mitochondrial preparation. Incubations at 16° in the 
presence of 0-005m-MgSO, and 0-25 M-sucrose. 


tetraacetic acid concentration in an incubation 
mixture of otherwise fixed composition, induced 
a marked inhibition of the ATPase. Addition of 
DNP to incubation mixtures which already con- 
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tained ethylenediaminetetraacetic acid produced 
little or no drop in activity, whereas DNP did cause 
an inhibition which progressively increased with 
concentration, when there was no ethylenediamine- 
tetraacetic acid present during the test. 
Mitochondria prepared in the ethylenediamine- 
tetraacetic acid-sucrose medium and tested within 
1 hr. of the death of the pigeon, liberated phosphate 
at rates which were markedly increased when DNP 
was added to the incubation mixture. In the experi- 
ment illustrated in Fig. 6, which compares the effect 
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Fig. 6. Comparison of the effect of DNP on the ATPase 
activity of fresh and aged pigeon-breast mitochondria at 
pH 7-4. O—O, mitochondria 45 min. after death of 
animal; []|—[, after 24 hr. at 0°. Incubation at 17° with 
0-005M-MgSO, and 0-25M-sucrose. 


of DNP on fresh and aged preparations, no ethylene- 
diaminetetraacetic acid was added to the incubation 
mixture other than that which was associated with 
the mitochondrial suspension in 0-001M-ethylene- 
diaminetetraacetic-acid-sucrose medium (final con- 
centration of ethylenediaminetetraacetic acid in 
the incubation mixture would be 5x10-*m). If 
ethylenediaminetetraacetic acid was added directly 
to the incubation mixture, DNP still produced 
activation but much less than that obtained in the 
absence of ethylenediaminetetraacetic acid. Wash- 
ing the mitochondrial preparation with ethylene- 
diaminetetraacetic-acid-sucrose medium completely 
abolished the latent ATPase activity. 

A further example of the sensitivity of the ATPase 
activity of pigeon-breast mitochondria to the nature 

38 
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of the environment is illustrated in Fig. 7. Here is 
shown the effect of varying the tonicity of the incu- 
bation medium by the addition of sucrose, and it 
will be noted that activity is at minimum in 0-2M- 
sucrose. With fresh preparations in the presence of 
DNP and with aged preparations in the absence or 
presence of DNP, the effect is abolished. 


P liberated (j.g.) 


01 02 03 0 01 02 03 
Concentration of sucrose (M) 

Fig. 7. Effects of varying the tonicity of the incubation 
medium with sucrose on the ATPase activity of pigeon- 
breast mitochondria at pH 7-4. A, preparation 1 hr. after 
death; O—O, no DNP;. FJ—J, 5x10-'m-DNP. B, 
preparation after 30 hr. at 0°; O—O, no DNP; FJ]—£], 
5 x 10-5mM-DNP. 





It was not possible to explain the increased 
liberation of phosphate in the presence of DNP, 
which was observed in the ATPase experiments, by 
the uncoupling of oxidative phosphorylation taking 
place with endogenous substrate. These mito- 
chondrial preparations had negligible oxygen 
uptake in the absence of Krebs’s cycle intermediates. 


DISCUSSION 


It is clear that in skeletal muscle the myofibrils had 
no oxidative function so far as pyruvic and succinic 
acids were concerned. The aerobic breakdown of 
these substances and the other Krebs’s cycle inter- 
mediates was associated mainly with the large 
granule fraction of pigeon-breast muscle. These 
granules are very similar to the mitochondria of 
liver and kidney in their behaviour with the Krebs’s 
cycle intermediates and are in our opinion best 
referred to as mitochondria. Heidenhain (1911) 
distinguished between A (anisotropic) and I (iso- 
tropic) granules in his scheme for skeletal muscle, 
but although the A granules appear dominant in the 
more active types of muscle the relation between 
these two types is by no means clear. It seems con- 
venient and logical to reserve the term sarcosome as 
a general one for muscle granules, other than gly- 
cogen or neutral-fat particles, without implying any 
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particular reference to their location or function 
(cf. Slater & Cleland, 1953). As a result of the in- 
vestigations on heart muscle by Harman & Feigel- 
son (19526) it could be concluded that in this tissue 
the so-called I granules are produced by the break- 
down of mitochondria which takes place during 
fixation. It seems difficult, however, to explain in 
this way the very regular arrangement of I granules 
seen by the earlier histologists in many other types 
of striated muscle. The pigeon-breast mitochondria 
studied in this communication most likely corre- 
spond to the so-called A granules. 

Striated muscles of different types and from 
different species show considerable variation in the 
size and abundance of their sarcosomes. In pigeon- 
breast muscle the mitochondria prepared as 
described in this communication may account for 
20 % of the total nitrogen of the muscle, which is 
about 5 times the contribution made by the granules 
to the total nitrogen content of mixed rabbit- 
skeletal muscle. The low oxidative activity of 
rabbit-muscle suspensions can be correlated with 
the lower granule content and suggests that this 
tissue must be largely anaerobic in function. 

Fresh pigeon-breast mitochondria prepared ir 
0-25m-sucrose had a much higher magnesium ATP- 
ase activity than fresh liver mitochondria obtained 
under similar conditions and of similar oxidative 
ability. No doubt the failure to obtain satisfactory 
P:O ratios with such preparations from pigeon- 
breast muscle was related to this fact. The possibility 
that this high ATPase activity is a feature of the 
intact muscle mitochondrion cannot be completely 
ruled out, but if special precautions were taken 
during the preparation, e.g. by incorporation of 
ethylenediaminetetraacetic acid in the medium, 
the enzymic behaviour of pigeon-breast mito- 
chondria more closely resembled that of prepara- 
tions from liver. The efficiency of oxidative phos- 
phorylation in vitro was increased and the ATPase 
activity was dependent on the tonicity of the 
medium in which it was measured (cf. Potter & 
Recknagel, 1951). It is possible that the inhibitory 
action of ethylenediaminetetraacetic acid on the 
mitochondrial ATPase is one of the factors re- 
sponsible for the increased stability and improved 
P:O ratios obtained with preparations made in the 
presence of this reagent. 

Mitochondria in skeletal muscle are arranged 
within the myofibrillar lattice of the cell and the 
tissue has to be subjected to considerable mechanical 
disruption to achieve their isolation in any quantity. 
It may be that isolation thus involved limited 
structural damage, perhaps at the point of attach- 
ment of the mitochondrion to the myofibril. It is 
debatable whether such an attachment exists, but 
the work of Harman & Feigelson (19526) suggests 
that in certain heart muscle some mitochondria are 
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closely associated with the A band. For this 
association to be maintained during contraction 
and relaxation of the myofibrils some type of 
attachment must be visualized. 

It can be concluded from this study that the main 
aerobic production of ATP in pigeon-breast muscle 
is extra-myofibrillar and almost entirely associated 
with the large sarcoplasmic granules, the mito- 
chondria. The mitochondria possessed ATPase 
activity, but if analogies can be drawn from the 
work with liver (Kielley & Kielley, 1951), and there 
are indications from the present study that they can, 
probably this enzymic activity is concerned with the 
general mitochondrial function and bears little on 
the mode of direct energy liberation for contraction. 
The transport of the energy-rich phosphate from the 
site of aerobic formation, the mitochondrion, to the 
contractile system where it is utilized, the myo- 
fibril, is a special problem on which our investiga- 
tions are now focused. 


SUMMARY 


1. Granules with respiratory activity have been 
prepared from the skeletal muscles of various 
animals. The respiratory granules, mitochondria, of 
pigeon-breast muscle have been studied in some 
detail. 

2. Pigeon-breast mitochondria readily oxidized 


citrate, «-ketoglutarate, succinate, fumarate, and 
malate at 30°. 
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3. At 17° pigeon-breast mitochondria oxidized 
pyruvate at very slow rates, but low concentrations 
of malate or fumarate catalytically increased these 
rates. 

4. Myofibrils from rabbit-skeletal and pigeon- 
breast muscles had no oxidative activity. 

5. Oxidative phosphorylation has been demon- 
strated with pigeon-breast mitochondria. The 
highest P : O ratios were obtained when preparations 
were carried out in the presence of 0-001 M-ethylene- 
diaminetetraacetic acid and incubations in the 
presence of isotonic sucrose. 

6. Pigeon-breast mitochondria contain an ATP- 
ase which is activated to a greater extent by 
magnesium than calcium. 

7. The magnesium-activated adenosine triphos- 
phatase activity of mitochondria freshly prepared 
in the presence of ethylenediaminetetraacetic acid 
is increased by 2:4-dinitrophenol and by ageing 
at 0°. 

8. The magnesium-activated adenosine triphos- 
phatase activity of mitochondria prepared with 
ethylenediaminetetraacetic acid is dependent on 
the tonicity of the incubation medium. Minimum 
activity was obtained when the medium contained 
0-2M-sucrose. 


We wish to thank Mr E. J. Morgan for the preparation of 
many materials used in this investigation. One of us 
(J.B.C.) is indebted to the Medical Research Council for 
a Research Studentship. 
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Mycobactin, a Growth Factor for Mycobacterium johnei 
1. ISOLATION FROM MYCOBACTERIUM PHLEI 
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Mycobactin is the name suggested for a growth 
factor, present in acid-fast bacteria, which is 
essential for the growth of Mycobacterium johnei. 
A preliminary account of the work reported here has 
already been published (Francis, Madinaveitia, 
Macturk & Snow, 1949). Myco. johnei is an 
organism first observed by Johne & Frothingham 
(1895) in cases of chronic enteritis of cattle. It 
could not be cultivated on ordinary laboratory 
media. Twort & Ingram (1913) supplemented such 
media with various extracts of normal cattle tissues, 
but none produced growth. They postulated that 
failure to cultivate the bacillus ‘must be due to the 
absence of some necessary foodstuff’, and that the 
missing factor would most likely be found in tubercle 
bacilli. They showed that when dried, killed, human 
tubercle bacilli were added to egg medium, a good 
growth of Myco. johnei developed. They were also 
able to obtain growth by addition of killed cells of 
other mycobacteria which had been grown on 
suitable media, and even by addition of cells of 
Myco. johnei which had been acclimatized to grow 
on beef broth without added growth factor. They 
made the original suggestion that the specific 
growth substance was essential to the metabolism 
of the whole group of acid-fast organisms, Myco. 
johnei differmg from the other mycobacteria in 
lacking the power to initiate synthesis of this factor 
on an egg medium. This hypothesis has been rein- 
forced by the subsequent discovery of many 
parallel cases in other families of organisms where 
some members can synthesize a particular factor 
while others require the same factor to be supplied 
from an external source. For example, among the 
Lactobacilli Db. casei, Lb. delbruckit and Lb. lactis 
have been shown to require pyridoxine for growth, 
whilst Lb. arabinosus and Lb. pentosus synthesize 
pyridoxine (Bohonos, Hutchings & Peterson, 1942). 
Twort & Ingram prepared extracts of myco- 
bacteria with organic solvents and found that they 
promoted the growth of Myco. johnei. This observa- 
tion was one of the earliest indications of the 
existence of a specific organic growth factor for a 
micro-organism, and was made at a time when even 
* Present address: Department of Preventive Medicine, 
University of Queensland Medical School, Brisbane. 


the concept of vitamins was novel. Although simple 
extracts of Myco. phlei have been used regularly for 
the purpose of culturing Myco. johnei, the literature 
contains no record of any further attempt to con- 
centrate and isolate the active substance. Woolley & 
McCarter (1940) claimed that growth of Myco. 
johnei on liquid medium could be promoted by 
phthiocol or 2-methylnaphthaquinone, but the 
amount of growth observed was less than that given 
by addition of extracts of Myco. phlei. They gave no 
evidence of the occurrence of quinones in Myco. 
phlei. Francis et al. (1949) found no phthiocol in 
Myco. tuberculosis, though a substance resembling 
vitamin K, was present in considerable amounts. 
Considering that the growth factor in Myco. phlei 
may well represent an important and specific com- 
ponent in the metabolism of mycobacteria, it is 
surprising that no further attempt has been made 
to investigate its constitution. The preparation 
of chemotherapeutic agents against this group of 
organisms might well be helped by a knowledge of 
the chemical structure of the growth factor. The 
extraction and purification of the factor was there- 
fore undertaken, and the results are presented in 
this paper. The experiments have led to the isola- 
tion of the hitherto undescribed compound, myco- 
bactin, which has the growth-promoting action of 
the original extracts; its main properties are out- 
lined here. 
RESULTS 
Extraction and purification of mycobactin 


Growth of Myco. phlei for mycobactin extraction. 
Twort & Ingram (1913) showed that the growth 
factor was produced by a wide range of myco- 
bacteria grown on glycerol beef broth. The organisms 
tested included Myco. phlei, Myco. tuberculosis, 
Myco. smegmatis and Myco. butyricum, as well as 
certain other less well-defined acid-fast bacteria. Of 
these the first two were regarded as the best sources, 
and bovine and avian strains of Myco. tuberculosis 
were said to be much inferior to human strains; this 
distinction was not confirmed by McFadyean, 
Sheather & Edwards (1912). None of the organisms, 
however, produced detectable amounts of the 
growth factor when grown on glycerol-liver broth, 








for 
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and,except with human strains, production of growth 
factor was low or absent on egg medium. Twort & 
Ingram were therefore fortunate in having chosen 
cultures of human strains for their original experi- 
ments. 

In the present investigation the non-pathogenic, 
readily cultivated Myco. phlei was chosen as a 
source of the growth factor. Large quantities of the 
bacterial cells were required, and it would have been 
convenient if these could have been grown on a 
synthetic medium. Although good growth of Myco. 
phlet was obtained with glycerol-containing media 
having as a source of nitrogen asparagine (Green, 
1946), ammonium malate or peptone, the content of 
mycobactin in the cells was negligible; addition of 
yeast extract (‘Marmite’) did not affect the result. 
It was therefore necessary to turn to the less con- 
venient beef infusion medium. An infusion con- 
taining 4% peptone and 10% glycerol (twice the 
normal concentrations) gave the best results in 
bacterial growth and yield of mycobactin, and was 
used for all the large-scale cultivation of Myco. 
phlet. It may be noted that this more concentrated 
medium is unsuitable for the growth of tubercle 
bacilli. 

Establishment of an assay method. The assay of the 
growth factor required a method of cultivating and 
assessing the amount of growth of Myco. johnei. 
Solid egg medium was chosen because irregular 
results were obtained when attempts were made to 
obtain growth of pellicle on the surface of fluid 
media. Egg medium was a more suitable material 
than liquid medium in which to emulsify the original 
crude extracts; moreover, many of these extracts 
would have had a surface-active effect and might 
have caused the pellicle to sink. To determine the 
best conditions for the assay of mycobactin, Myco. 
johnei was grown on solid egg medium containing 
varying amounts of the factor. Fig. 1 shows the 
average of a large number of such experiments, in 
which the concentration of mycobactin has been 
correlated with the mean growth score after various 
time intervals. This diagram shows the main features 
of the growth of Myco. johnei under the chosen 
conditions. In the presence of high concentrations 
of mycobactin there is a ‘rapid’ growth period 
during the second to eighth week of incubation, 
after which the growth rate becomes much less. 
When a smaller amount of the factor is present the 
lag phase is slightly longer and subsequent growth 
occurs more slowly, though it continues for a long 
period. Experiments were also carried out in which 
growth was measured up to 36 weeks. These showed 
that the differential growth response for varying 
concentrations of mycobactin became less as the 
time increased, because growth at high concentra- 
tions had almost ceased, whilst that at lower con- 
centrations was still continuing. It was thus 
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evident that the best time to assess the amount of 
growth was after 4-6 weeks’ incubation. Shorter 
periods did not allow sufficient growth for assess- 
ment and longer periods gave no improvement in the 
ratio of growth response to mycobactin concentra- 
tion, or even, in very prolonged experiments, a 
decrease in the ratio. 
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Fig. 1. Growth of Myco. johnei in tubes containing different 
concentrations of mycobactin. Figures against the curves 
show period of growth in weeks. Each point represents 
the average of 150 tubes. 


Extraction methods. The work of Twort & Ingram 
(1913) indicated that the growth factor could be 
extracted from the bacterial bodies by a variety of 
organic solvents. Exploratory experiments con- 
firmed these findings and acetone was chosen as the 
solvent for the early experiments. Acetone extracts 
were more active than the bacterial bodies from 
which they originated ; this is presumably due to the 
non-availability of the growth factor present inside 
the bacterial cells. Presumably it also explains the 
finding that no great loss of activity resulted when 
the bacterial bodies were heated with sodium 
hydroxide solution, although extracts lost their 
activity when treated with alkali, even at 0°. Light 
petroleum extracted very little activity from the 
dried bodies, and addition of light petroleum to the 
concentrated acetone extracts produced a pre- 
cipitate which contained the whole of the active 
materials. This proved to be a most important step 
because, although it was not realized at the time, 
the precipitate contained up to 50 % of mycobactin. 
The light-petroleum precipitation was followed by 
an extraction with water which removed further 
inactive impurities. At this stage it was found that 
the growth factor was strongly adsorbed by alumina, 
from which it could be eluted by hot ethanol. 
Repeated extractions with hot ethanol removed the 
active materials. On concentration of these eluates 
mycobactin separated as a crystalline aluminium 
complex, the aluminium having been derived from 
the adsorbent. Table 1 shows the steps in such a 
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purification and the activities of the fractions ob- 
tained, expressed in arbitrary units. The figures 
show the increase of growth-promoting activity in 
the initial acetone extraction which has already 
been mentioned. In later steps the weight of 
material and growth-promoting activity agree 
within the limits of the experimental error of the 
assay. The figure given for the relative weight of the 
final product does not take into account material in 
the mother liquors which contained considerable 
activity. 


Table 1. Direct isolation of crude crystalline alumin- 
cum mycobactin from dried Myco. phlei 
Relative 
wt. of 
fraction 


Relative Mycobactin 
activity (% by 
Fraction by assay _— assay) 
Dried Myco. phlei 100 og 0-6* 
Acetone-soluble 20 14* 10 
Petroleum-insoluble + 80 50 
Water- and 2-3 80 50 
petroleum-insoluble 
Crystalline Al complex 0-4 160 (100) 

* Assay figures for the mycobactin content of the dried 
bacteria are considerably lower than the actual content. 
The full growth-promoting activity is liberated during 
acetone extraction. 


The crystalline product obtained by this simple 
method was always reddish brown. The amount of 


the coloured impurity was not great, but no means 
could be found of removing it. Methods were there- 
fore devised for obtaining mycobactin in a colour- 
less, metal-free form. One method is described in 
detail and is summarized in Table 2. Alternative 
methods are indicated briefly. 

In the extraction described, water is removed 
from the cells by successive treatments with cold 
methanol. This procedure also removes much 
inactive material. Mycobactin is not removed 
because of its low solubility in 90% aqueous 
methanol. The active material is extracted with hot 
methanol. An essential step in mycobactin ex- 
tractions is the formation of the copper complex 
which is characterized by insolubility in ethanol, 
solubility in chloroform and stability towards 
dilute acetic acid. The copper complex is purified by 
chromatography and precipitation with ether from 
chloroform, before reconversion into metal-free 
mycobactin. The mycobactin thus obtained is 
finally purified by precipitation with solvents. 


Biological properties 


Mycobactin content of organisms. From Table 2 it 
will be seen that the yield of mycobactin isolated 
was 0°86 % of the dry weight of Myco. phlei. The 
actual content of the growth factor in the cells, 
therefore, probably exceeds 1%. A similar de- 
duction can be made from the results given in 
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Table 1. By growth promotion assays, the crude 
acetone extract representing 20 % of the weight of 
dried organisms was estimated to contain about 
90 mg. mycobactin/g., indicating a content in the 
dried material of about 18 mg./g. The living 
bacteria may thus contain 3 mg. of mycobactin/g, 
wet weight when grown on a beef-infusion medium. 
Growth of Myco. johnei is optimum on medium con- 
taining 40-80 pg./ml. and 50% of the optimum on 
medium containing 3-6yg./ml. It thus appears 
probable that the production of mycobactin by 
Myco. phlet grown on beef-infusion medium is 
greatly in excess of its metabolic requirements, 
When it is grown on synthetic medium, mycobactin 
may still be produced in amounts adequate for 
intermediary metabolism, but too small to be 
detected by the assay procedures used. A similar 
suggestion was made by Twort & Ingram (1913) in 
relation to growth in liver broth. 

Search for growth-promoting activity in other 
materials. It isnot known whether Myco. johnei can 
synthesize mycobactin when growing in the animal 
intestine or whether it uses material available in the 
host, but according to Twort & Ingram (1913) strains 
adapted to grow on synthetic medium do promote 
the growth of unadapted strains. They found that 
aqueous extracts of various organs of cattle did not 
support the growth of Myco. johnei. Twort & 
Ingram (1914) tested ethanolic extracts of about 
130 seeds, fungi, plant extracts and seaweeds for 
ability to support the growth of Myco. johnei. Most 
of the extracts were inactive, but with figs, oats, 
linseed, the fungus Cantharellus auranticus, and 
especially the currant grape, good results were some- 
times obtained. The amount of growth-promoting 
activity in these tissues was always low, varying 
from sample to sample, and being sometimes 
undetectable. 

We have carried out growth-promotion tests on 
extracts of miscellaneous plant and vegetable 
products. In the first series of experiments the 
starting materials were dried and extracted with 
acetone; some of the acetone extracts were further 
extracted with light petroleum; the extracts were 
incorporated in Dunkin’s medium. The maximum 
amount of material added was the quantity that 
would be obtained from a weight of starting material 
equal to that of the medium used. Further dilutions 
down to one-hundredth of this amount were em- 
ployed. It will be seen from Table 3 that some 
substances did produce a slight stimulation of 
growth but it was only about twice that in the 
control tubes. In later experiments a similar series 
of starting materials were extracted with methanol 
without previous drying and fractionated into 
petroleum-soluble and imsoluble portions. Extracts 
were added in amounts varying from 1000 to 1 mg./ 
100 ml. of media. Again only slight and variable 
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Table 2. Extraction of mycobactin 


(Letters a, b, C, etc. indicate fractions.) 


Moist Myco. phlet 
(41 kg. approx.) 


Extract 
(a, 500 g.) 


Extract 
(b, 85 g.) 





56% methanol 


Residue 
(21 kg. approx.) 


90% methanol 


——— 
Residue 


(C, 7-2 kg.) 
Hot methanol 
extraction 








—- 

Insoluble in 
cold solvent 

(d, 200 g.) 


I 
Residue 
(6-4 kg.) 






Not precipitated 
(Cu removed) 
(A, 128 g.) 


Ethanol-insoluble 
(f, 218 g.) 


Not precipitated 
with ether 
(i, 85 g.) 


CHCI,-insoluble 
(Cu removed 
(j, 23 g.-) 





Coloured Slightly impure 
impurities Cu complex 
(1, 3-9 g.) (m, 5-0 g.) 





Ether-soluble 
(0, 5-4 g.) 





Ether-soluble 
(q, 2-48.) 


responses were obtained and concentration of any 
growth-promoting substances, that may have been 
present, was not achieved. Currants, which were 
included in this series because they had been found 
specially active by Twort & Ingram (1914), gave 
negative results. It cannot therefore be assumed 
that there is any wide distribution of mycobactin in 
natural products. Growth stimulation may possibly 
result from the presence of substances with a 
different constitution. 

Following up the observations of Woolley & 
McCarter (1940) we have tested phthiocol, 2- 
methylnaphthaquinone, and a vitamin K extracted 
from Myco tuberculosis (Francis et al. 1949) for their 








Extract 
(E, 600 g.) 

Solution in ethanol; 
precipitation with 

cupric acetate 





Insoluble Cu 
complex 
(G, 285 g.) : 
CHCl, solution washed, 
| precipitation with ether 


Precipitate 
(K, 102 g.) 
Silica and 
Decalso columns 


Purified Cu 
complex 
(N, 92 g.) 
Ether precipitation 





Precipitate 
(P, 86-5 g.) 
HS treatment, ether 
precipitation 


Mycobactin 

(R, 66-9 g.) 
effect on Myco. johnei inoculated on egg medium. 
No growth stimulation was observed under these 
conditions. 


Chemical properties of mycobactin 

Criteria of purity. Considerable difficulty has been 
experienced in assessing the degree of purity of 
mycobactin and most of its derivatives owing to 
their failure to form visible crystals. Attempts at 
crystallization have invariably led to the separation 
of the products in gelatinous form. Fortunately, 
however, mycobactin forms a highly crystalline 
aluminium complex which may be recrystallized 
from different solvents without change of pro- 
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perties. Some confidence may be placed upon this 
derivative as showing mycobactin to be a definite 
chemical entity. The status of metal-free myco- 
bactin rests most firmly on its conversion into the 
crystalline aluminium complex and recovery from it 
via the copper complex. In the different batches of 





Table 3. Tests on growth promotion of Myco. 
johnei by miscellaneous extracts 


Acetone extracts showing slight activity 





"oe ? a 
No. of 

Material active samples 
Crushed oats* 1 of 3 
Bovine intestine* 1 of 2 


Bovine liver 1 


Sheep liver 2 of 3 
Sheep lung 2 of 3 
Sheep intestine 2 of 3 
Rat-leproma tissue 2 of 3 
Lungs of mice infected with Myco. muris 1 


* The fractions of these active extracts soluble in light 
petroleum were also active. 

No fractions insoluble in light petroleum were active. 

Acetone extracts showing no activity: sprouted oats, 
maize, lentils, sunflower seed, soya meal, linseed, grass 
meal, peanuts, carrots, egg yolk, Penicillium mycelium, 
bovine lung, bovine muscle, horse lung, horse liver, horse 
intestine, horse mesenteric gland. 


the metal-free material that have been made, 
repeated purification has always led finally to 
products having the same melting point and ultra- 
violet-absorption spectrum, with analyses con- 
sistent with those found for the aluminium complex. 
Measurements of optical rotation, however, have 
been more variable, and there is a possibility that 
some strongly rotating impurity may be present in 
varying amounts in some of our preparations. The 
value given for the rotation in the experimental 
section is that found for the most rigorously purified 
preparations. The possibility of error in rotation 
measurements is evident when the very high 
positive rotation of the aluminium complex is 
considered. The presence of 0-3 % of this derivative 
would lower the specific rotation of the metal-free 
product by 1°. In view of the amorphous character 
of the material and the occasional discrepancy 
in optical rotation, some caution is necessary in 
assessing the purity of the preparations of metal-free 
mycobactin. Degradation studies, which will be 
described in later papers, favour the view that 
metal-free mycobactin is substantially a single 
substance, but do not exclude the possibility that 
some preparations might contain a few per cent of 
a closely related product. The diacetyl derivative 
and copper complex of mycobactin are directly 
derived from the metal-free product and resemble it 
in lacking visible crystalline structure; they there- 
fore probably reflect any degree of inhomogeneity 
which may be present in the mycobactin from 
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which they are made. Their analyses are consonant 
with that of the parent compound, and the diacetyl 
derivative has a melting point reproducible from 
one preparation to another. Both compounds give 
reproducible ultraviolet spectra. 

General properties. Although mycobactin has 
yielded no visible crystals, an X-ray powder photo- 
graph showed seven or eight rings, though with 
a general diffuseness. This evidence, together with 
the sharp melting point, suggests that mycobactin 
exists in a solid state as very small crystallites. 
The solid exhibits a pale-green fluorescence, and 


20 
18 
16 


14 





, 240 260 280 300 320 340 360 380 400 

Wavelength (my.) 

Fig. 2. Absorption spectra of mycobactin and its deriva- 
tives. A, mycobactin (27 uM) in methanol; B, diacetyl- 
mycobactin (29 uM) in methanol; C, mycobactin hydro- 
chloride (510m) in absolute CHCl, (measurement in 
lmm. cells); D, aluminium mycobactin (20yM) in 
methanol; EZ, copper mycobactin (24M) in absolute 
CHCl. 


methanol solutions a blue fluorescence. The 
spectrum (see Fig. 2) has maxima at 250 and 310 my. 
and in addition shows a characteristic shoulder at 
258 my. and a slight inflexion at 270 my. Solubility 
characteristics have been discussed under the 
heading of extraction; in addition to the solvents 
mentioned there, mycobactin is soluble in pyridine, 
glacial acetic acid and in hot _high-boiling 
solvents such as xylene. It is stable to heat up to 
150° and is not oxidized in air. It dissolves in 
solutions of caustic alkalis but not in sodium 
bicarbonate solution. Alkaline solutions rapidly de- 
compose, even at 0°, with loss of growth-promoting 
activity. Mycobactin does not dissolve in dilute 
mineral acids, but dissolves in concentrated 
sulphuric acid without immediate decomposition, 
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and has a slight solubility in concentrated hydro- 
chloric acid. Warming with mineral acids causes 
inactivation. Elementary analysis of mycobactin 
gives values agreeing with the formula C,,H,,0,)N; 
(mol.wt. 870). Owing to the large molecular size it 
is not possible to deduce this formula from the 
analytical figures for mycobactin alone. The formula 
takes into account the analytical data for all the 
derivatives of mycobactin, molecular-weight and 
equivalent-weight determinations, and the de- 
gradation products which have been isolated; the 
latter will be described in a later paper. 

This formula differs somewhat from that postu- 
lated in our preliminary note (Francis et al. 1949). 
The difference is mainly due to difficulties of 
nitrogen analysis, the early values being consider- 
ably too high. Molecular-weight determinations by 
the usual physical methods have proved unreliable, 
but X-ray measurements upon a single crystal of 
the aluminium complex have indicated a unit-cell 
weight of 1828+4%. From considerations of 
crystal structure the molecular weight was con- 
sidered to be one-half or one-quarter of this figure ; 
this corresponds to a molecular weight of 890 + 36 or 
445+ 18 for metal-free mycobactin, assuming that 
the crystalline derivative has one atom of alu- 
minium per molecule of mycobactin. The lower 
figure is, however, excluded by equivalent-weight 
determination (see below) and by the degradation 
products. 

Acidic and basic properties. Mycobactin is a 
weakly acid substance. Electrometric titration in 
methanol gives the curve shown in Fig. 3; a curve 
for the titration uf p-chiorophenol is given for com- 
parison. The titration data show that mycobactin 
has one or possibly two acidic groups dissociated in 
methanol to an extent comparable with the phenols. 
No basic groups can be detected by titration with 
hydrochloric acid in methanol, but by use of 
perchloric acid in glacial acetic acid the presence of 
one weakly basic group can be demonstrated. The 
equivalent weight of mycobactin as a base can thus 
be determined; the value found, 870+4, also 
represents the molecular weight. The basic pro- 
perties of mycobactin are further shown by the 
formation under anhydrous conditions of a hydro- 
chloride and a picrate. The slightly impure hydro- 
chloride has an absorption spectrum similar in shape 
to that of the parent compound, but with the peaks 
shifted approximately 20 mp. towards the longer 
wavelength (see Fig. 2). This shift indicates that the 
basic group is probably in conjugation with the 
system responsible for the absorption. 

Metal complexes. Mycobactin is characterized by 
a tendency to chelation with metals. Complexes 
have been isolated with aluminium and with copper. 
Both have one metal atom per molecule of myco- 
bactin. The aluminium complex is of particular 
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importance as being the only derivative of unde- 
graded mycobactin which has been obtained in 
a visibly crystalline form. It may be crystallized 
from the lower alcohols or acetone, giving hexagonal 
leaflets. Both solid and solutions exhibit an intense 
violet fluorescence in ultraviolet light and a slight 
fluorescence in visible light. The aluminium complex 
is considerably less polar than free mycobactin since 
it dissolves in solvents such as ether and benzene; it 
is, however, insoluble in light petroleum. It also 
differs from mycobactin in having a high, positive 
optical rotation. The aluminium atom is firmly held 
and cannot be displaced by extraction with acid or 
by passage through a base-exchange resin in the H* 
form. It can be exchanged for copper in ethanol 
solution probably owing to the insolubility of the 
copper complex. 


82-414 B C 


8-0 


Readings 
» ss 
fb a @ 


ss! 
w 


0 1 2 3 
KOH (equivs.) 

Fig. 3. Electrometric titration of mycobactin and its 
diacetyl derivative in methanol containing 20% (v/v) 
CHCl,. Electrodes; glass, Hg-HgCl-LiCl (methanol). 
Concentration of solutes: 30mm. Titration solution, 
0-25N-KOH in methanol. Curve A, diacetylmycobactin; 
B, p-chlorophenol; C, mycobactin. Readings are on pH 
scale of instrument, but are arbitrary owing to the nature 
of the solvent. 


Copper mycobactin is almost insoluble in cold 
ethanol; it is formed from mycobactin by precipita- 
tion with ethanolic cupric acetate. It has little 
solubility in most solvents at room temperature, 
except chloroform in which it dissolves to the extent 
of more than 5% giving a deep-green solution. 
Copper can be removed from the complex by treating 
the chloroform solution with hydrogen sulphide, by 
extracting it with N-hydrochloric acid, or by passage 
through cation exchange resin in the acid form. 

Both copper and aluminium complexes have 
ultraviolet-absorption spectra resembling that of 
the parent compound except that the peaks are 
raised and displaced to longer wavelengths (see 
Fig. 2). Ferric salts react with mycobactin to give 
an intense reddish purple colour. 
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Hydroxyl groups. Two acetyl groups can be intro- 
duced into mycobactin under gentle conditions of 
acetylation. No degradation of the molecule appears 
to occur as a result of this treatment since the 
spectrum is not significantly changed (see Fig. 2), 
and the product still possesses growth-promoting 
properties. The diacetate is an amorphous powder 
resembling mycobactin in its fluorescence and other 
physical properties; it has a reproducible melting 
point. It differs from mycobactin in forming 
neither a crystalline aluminium complex nor an 
ethanol-insoluble copper complex. Ferric chloride 
in ethanol produces an intense violet colour, 
noticeably bluer than that given by mycobactin. It 
has weakly acidic properties shown by its solubility 
in sodium hydroxide solution, but the acidic group is 
too weak to be demonstrable by electrometric 
titration in methanol (see Fig. 3). The weak basic 
group found in mycobactin is also present in the 
diacetate. Since the titration of mycobactin has 
shown the absence of any basic groups strong 
enough to form a hydrochloride in polar solvents, it 
may be inferred that acetylation takes place in two 
hydroxyl groups. At least one of these groups is 
acidic and is involved in metal complex formation. 
In addition to these two hydroxyl groups there is 
probably a third having phenolic properties and not 
readily acetylated. This is suggested by the ferric 
chloride reaction and the weakly acidic properties of 
the diacetate. Further, both mycobactin and its 
diacetate couple in alkaline solution with diazonium 
salts to give yellow solutions. 

Vigorous acetylation leads to the uptake of acetic 
anhydride corresponding to three acetyl groups per 
molecule, but the reaction brings about a great 
change of properties and probably involves de- 
gradation. 













EXPERIMENTAL 


Large-scale production of Myco. phiei. A beef-infusion 
broth was prepared containing 4% peptone and 10% 
glycerol. 600 ml. portions were transferred to a series of 
plugged Winchester bottles and sterilized. The bottles were 
stacked on their sides and pellicles from an established 
culture floated on to the surface with a wire loop, and then 
incubated for 2 weeks at 32-37°. The pellicles were harvested 
by filtration on a large stoneware filter, well washed with 
water and sucked as dry as possible. The yields obtained 
were usually just over 2g. dried organisms/100 ml. of 
medium. In all, 50-60 kg. of dried bacterial bodies have 
been produced. 

Mycobactin formation by Myco. phlei grown on various 
media. The media contained K,HPO, 1-8 g., MgSO,, 7H,O 
0-5 g., sodium citrate 0-9 g., Fe,(SO,);, 9H,O 0-2 g., glucose 
10 g. and glycerol 100 g. To this 14g. asparagine or 10 g. pep- 
tone, or 12-52 g. malic acid neutralized with NH, was added. 
The volume was made up to 11. in each case and the pH 
adjusted to 6-8. Inocula of Myco. phlei from cultures adapted 
to these media by five passages were floated in 10m]. medium 
placed in wide tubes and incubated at 37°. The amount of 
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bacterial nitrogen was estimated every other day. After 
12 days it had reached a maximum in all media. Bacteria 
from all these media failed to support the growth of Myco, 
johnei, whereas bacteria grown in a parallel experiment in 
meat-infusion broth with 5% glycerol were active in this 
respect. The amounts of ‘bacterial nitrogen’ produced (in 
mg./ml. medium) in the various media were: asparagine 
(1-68), ammonium malate (1-15), peptone (0-80) and 
glycerol broth (0-62). 

Assay of growth-promoting activity. Egg-liver medium 
was prepared according to the directions of Dunkin (1928), 
the standard glycerol-water extract of Myco. phlei being 
replaced by the extract which was being tested. The active 
extracts were insoluble in water; they were dissolved in the 
least possible amount of acetone, methanol or CHC], and an 
appropriate amount put in the first tube. Egg medium was 
pipetted vigorously on to the fraction and the mixture 
shaken. A satisfactory dispersion resulted and falling 
2-5-fold dilutions were made; five tubes were prepared from 
each dilution. Other tubes contained known amounts of 
a standard concentrate, or, in later experiments, known 
amounts of mycobactin; tubes containing no growth factor 
were also included in every test. The medium was in- 
spissated to give steep slopes, during which process any 
solvent used to dissolve the growth factor was driven off. 
The tubes were inoculated with a pinhead inoculum of strain 
129, which had been supplied by Prof. R. E. Glover as a 
strain of Myco. johnei which could not easily be adapted co 
grow in the absence of growth factor. Cotton-wool plugs 
were dipped in wax, pushed into the tubes and covered with 
a layer of wax. This precaution was needed to prevent loss of 
moisture. The tubes were incubated at 37° and growth 
estimated visually after 4 and 6 weeks. An optimum 
quantity of growth factor (equivalent to 40-80 yg. myco- 
bactin/ml. of medium) produced a raised, irregular mass of 
bacteria roughly circular and up to 6 mm. in diameter. The 
minimum recognizable growth promotion was produced by 
a concentration of mycobactin of about 0-5 to 1 yg./ml. of 
medium; 1000 ug./ml. did not inhibit growth. A method of 
scoring was adopted which recognized six stages between 
absence of growth and optimum growth, and these were given 
values of 3, 2-5, 2-0, ..., 0. Some extracts of Myco. phlei 
produced inhibition of growth at concentrations above the 
optimum. From the scores at different dilutions an estimate 
of the mycobactin content of fractions could be made, and 
a statistical analysis by Dr O. L. Davies showed that twofold 
differences in growth-promoting activity could usually be 
detected. 

Tests on naphthaquinone derivatives and other agents as 
possible growth-promoters for Myco. johnei. Phthiocol was 
tested at concentrations of 50 to 0-05 wg./ml. and 2-methyl- 
naphthaquinone at concentrations of 100 to 1 yzg./ml. but 
neither produced any growth, whereas full growth was 
produced by an acetone extract of Myco. phlei in the same 
tests. Various mixtures of riboflavin, pantothenic acid, 
biotin, nicotinamide, pyridoxine, inositol and thiamine also 
failed to support growth when added to Dunkin’s medium. 


Isolation of Mycobactin 


The following method is probably the most satisfactory 
for general use, though various modifications have been 
used successfully. Throughout the description the various 
fractions are designated by letters; fractions carrying the 
main bulk of the active material are shown by capital 
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letters. Yields are recorded in Table 2. Unless otherwise 
specified, the CHCI, used was of B.P. grade containing about 
1% of ethanol. The method involved a preliminary extrac- 
tion of each batch of moist mycobacteria as it was grown. In 
Table 2 the total yields for about twenty such batches are 
recorded, but in describing the preliminary treatment below, 
yields are quoted to indicate the quantities to be expected in 
working up a single batch of moist organisms. 

Preliminary treatment of micro-organisms. Myco. phlei, 
filtered from the medium and washed with water, was spun 
in a basket centrifuge to remove as much water as possible, 
yielding a crumbly product containing about 80% of water. 
This material (2 kg.) was stirred with methanol (2 1.) for 
2-3hr., allowed to stand, decanted and the residue again spun 
on the basket centrifuge. The extract was evaporated to dry- 
ness under reduced pressure, giving a dark sticky residue 
(a). The extracted bacterial cake (approx. 1-04 kg.) con- 
tained about 680 g. liquid (56% (v/v,) aqueous methanol), 
i.e. 315 ml. water; it was stirred for 2-3 hr. with a further 
31. methanol and filtered. This second extract was also 
evaporated under reduced pressure leaving a red-brown 
waxy residue (b). The twice-extracted bacterial cells were 
spread out in a thin layer on absorbent paper and allowed to 
dry in air at room temperature. A dry, light-brown material 
(C) resulted which was powdered in a mortar and stored until 
sufficient had been accumulated for the main extraction. 

Extraction. Extraction of 7-2 kg. fraction C was carried 
out in 1-5kg. batches, each batch being mechanically 
stirred and refluxed with methanol (6 1.) on a steam bath. 
After 30 min. the hot suspension was transferred to a 30 cm. 
stoneware filter and filtered through cloth with suction. The 
transfer was conveniently effected through a wide syphon 
tube by means of gentle air pressure. The extracted material 
was returned to the flask for re-extraction, three extractions 
in all being performed on each batch. White waxy material 
(d) deposited from the methanolic extracts on cooling was 
filtered off. The clear brown extracts from the various 
batches were pooled and evaporated, leaving a red-brown 
waxy residue (Z). This residue was treated with warm 
ethanol (15 1.), containing glacial acetic acid (76 ml.), cooled, 
and filtered from undissolved waxy material (f). The filtrate 
was then treated with copper acetate (226 g., monohydrate) 
dissolved in ethanol (11-2 1.) and glacial acetic acid (56 ml.) 
and allowed to stand until the copper complex had co- 
agulated and settled. The crude complex (@) was filtered off, 
washed with ether and dried. Cu was removed from the 
filtrate by treatment with H,S. After filtration, solvent and 
acetic acid were removed by evaporation leaving a brown 
waxy residue (h). Fraction G was dissolved in warm CHCl, 
(6 1.) and the solution decanted from some insoluble green 
gum. (This gum after removal of copper with H,S gave 
fraction j.) The CHCl, solution of the Cu complex was 
shaken three times with an equal volume of 2% (v/v) 
aqueous acetic acid and then twice with water. Some Cu 
passed into the aqueous layer. The washed CHCl, solution 
was evaporated to approx. 1-5 l. and precipitated by addition 
of ether (61.). The precipitate was filtered, washed with 
ether and dried (fraction K), and the filtrate was evaporated 
leaving a brownish green, waxy residue (i). 


Purification of the copper complex 


The copper complex was purified by chromatography. 
Two different adsorbents were used, either as alternatives or 
Decalso (Permutit Ltd.) was 


for successive treatments. 
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more generally satisfactory than silica gel owing to its 
greater loading capacity and more reproducible physical 
properties. On neither adsorbent did copper mycobactin 
form a band with a distinct rear boundary; the green colour 
spread over a large part of the column in a broad zone. 
However, strongly adsorbed impurities were left in a band 
at the top of the column, and other impurities formed true 
chromatographic bands in front of the zone containing 
copper mycobactin. The procedures with the two adsorbents 
were as follows: 

Using silica gel. Silica gel prepared according to the 
directions of Martin & Synge (1941) was milled and passed 
through a 200-mesh sieve. It was then stirred with water 
several times and the finest particles washed away. After 
filtration and drying at 200° the adsorbent remained as 
a uniform, free-flowing powder. The physical form of the 
silica gel varies unpredictably from one batch to another, 
some being quite useless for chromatography of copper 
mycobactin. A small pilot experiment must therefore be 
carried out on each new batch to determine its suitability. 
Purified silica gel (500 g.) was suspended in CHCl, in a tube 
(10 cm. diameter) giving a column 22 cm. in length. Crude 
copper mycobactin (fraction K, 8g.) dissolved in CHCl, 
(160 ml.) was applied to the column and the chromatogram 
developed with CHCl, (3 1.). The appearance of the column 
was as shown in Table 4. It was allowed to drain and the 
bands separately removed. Band 1 was eluted with 50% 
(v/v) ethanol in CHCI,, and the other bands with 5% (v/v) 
ethanol in CHCl,. Band 2 yielded the purified product. 


Table 4. Chromatography of crude copper 
mycobactin on silica gel 


(Copper mycobactin (8 g.) on 500 g. silica gel developed 
with 3 1. B.P. CHCl.) 


Distance 
from top Wt. of 
Band of column Appearance eluate 
no. (cm.) of band (g.) 
1 0-2 Brownish green 0-12 
2 2-15 Bright-green zone 6-32 
3 15-18 Colourless 0-40* 
f 18-20 Rust-red band 0-72 


* Containing some material from bands 2 and 4. 


Using Decalso. Coarse Decalso was milled to pass a 200- 
mesh sieve and then boiled four times with 50% (v/v) 
ethanol in CHCl, (41./kg.) to remove coloured impurities. 
The absorbent was filtered off and dried, first at room 
temperature and then at 150°. Variations in Decalso from 
batch to batch have been observed, and a small trial column 
should be run with each new batch. Purified Decalso (430 g). 
was suspended in CHCl, and allowed to settle in a tube 
(diameter 7-2 cm.) giving a column 20 em. in length. Crude 
copper complex (fraction K, 30g.) in CHCl, (600 ml.) was 
applied to the column and developed with CHCI, (500 ml.). 
A reddish brown band separated from the front of the main 
green zone, and was eventually expelled from the column. As 
development proceeded the main zone filled the whole of the 
column except for a small darker band at the top, but with 
CHCI, no significant elution of the copper complex occurred. 
Development was continued with 5 %, (v/v), ethanolin CHCI, 
(700 ml.) which removed most of the complex, leaving a 
brownish green band 2-3 em. wide at the top of the column. 
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Below this the whole column retained a light-green colour. 
The top band was then scraped out and the residual copper 
complex eluted from the lower part of the column with 20% 
(v/v) ethanol in CHCl, (1 1.). This last effluent was collected 
separately, combined with a small fraction representing the 
overlap between the main band and the lower brown band, 
and evaporated. The residue was dissolved in CHCl, and 
applied to a smaller Decalso column treated exactly as 
before. Fractions from this second column were bulked with 
corresponding fractions from the larger column. These 
fractions were then evaporated. Another small fraction was 
obtained by eluting the dark band from the top of the 
Decalso columns with 50% (v/v) ethanol in CHCl,. The 
overall result is shown in Table 5. 

Both silica gel and Decalso may be recovered for further 
use provided that the top 2-3cm. containing strongly 
adsorbed material is discarded. The adsorbent should be well 
washed with 50% (v/v) CHCl, in ethanol and dried at 150° 
before using again. 


Table 5. Chromatography of crude copper 
mycobactin on Decalso 


(Copper mycobactin (30 g.) on 430 g. Decalso developed 
with B.P. CHCl. ‘ 
Residue from eluate 
Band Appearance Wt. 
no. of band (g-) 
1 Brownish green, 2-3 
adsorbed at top 
of column 


Appearance 
Almost-black wax 


22-5 Bright-green 


resinous solid 
1-5 Dark-red-brown 
wax 


Broad, green zone 


Brick-red band, 
immediately 
below band 2 


Final purification of mycobactin. The Cu complex purified 
by chromatography (fraction NV) was dissolved in CHCl, 
(20 ml./g.), and dry ether (3 vol.) added slowly, with stirring. 
The precipitated Cu complex was filtered, redissolved in 
CHCl, and the precipitation repeated. It was then washed 
three times with ether by resuspension and finally filtered 
and dried in dry air. This precipitation achieved a further 
slight purification, and yielded Cu mycobactin (P) as a 
grey-green powder convenient to handle. The combined 
filtrates on evaporation gave fraction 0, a green, resinous 
solid. 

The complex (50 g.) was dissolved in CHCl, (11.) and 
redistilled methanol (2-5 1.) added. Washed H,S was passed 
through the solution until all Cu had been converted into 
sulphide; air was then blown through to remove excess H,S. 
The solution was filtered and the precipitate well washed 
with CHCl,. 

The pale-yellow filtrate usually contained a little colloidal 
CuS. It was evaporated and the residue dissolved in CHCl, 
(1 1.). The solution was applied to a short column made by 
suspending pure anhydrous MgSO, (40 g.) in CHCl, in a 
5 em. diameter tube. The column was then washed with 
CHCI, (250 ml.). The CuS was removed as a thin black layer 
on top of the column and there was also a faint-brown band 
of some other impurity below. 

The solution passing through the column was filtered, 
evaporated to about 700 ml., and the mycobactin pre- 
cipitated by the addition of redistilled ether (1-8 1.). The 
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precipitate was filtered off, washed with dry ether and dried 
in air. The product R from this method of extraction was 
usually faintly yellow but was suitable for most purposes, 
Evaporation of the filtrate gave a fraction g. Additional 
purification of fraction R could be achieved by repeated 
precipitation with ether, and the following method was 
found useful for removing traces of colour. Mycobactin 
(2 g.) was dissolved in dry methanol (100 ml.) and water 
(3 ml.) added slowly with stirring. No immediate precipita- 
tion occurred, but after standing overnight at room tem- 
perature a gelatinous precipitate settled out. This was 
filtered off and dried (0-48 g.). Most of the colour was 
adsorbed in this precipitate, and on addition of more water 
(5 ml.) the remainder of the mycobactin was precipitated as 
a colourless jelly, which gave on drying a white powder 
(1-42 g.). 

Activity of side fractions. Fractions a, d, f, j and | had no 
growth-promoting activity, whilst the amount of myco- 
bactin in fractions b, h and i was too small to make their 
purification worth while; fractions 0, m and q were kept for 
recycling. 

Alternative extraction procedures. The method described 
above involves considerable labour in the early stages. In 
some experiments water was removed from the cells by 
drying in a ventilated oven at 75°. The product was then 
milled and extracted repeatedly with hot acetone. After 
removal of inactive material which settled out on cooling the 
solution, the solvent was removed and the residue was 
ground with light petroleum in a mortar. Successive 
extractions with this solvent yielded a dry brick-red 
powder containing most of the mycobactin and a very dark 
syrup which was soluble in water and could thus be separated 
from the required product. It was possible to proceed from 
this stage to the direct isolation of a crystalline aluminium 
complex. 

The crude product obtained as described above (2-5 g.) 
was dissolved in CHCl, (50 ml.) and applied to a 3 cm. 
column containing 100g. neutral Al,O;. The column was 
washed successively with 2, 5 and 10% (v/v) ethanol in 
CHCl,. The washings removed coloured impurities. The 
column retained a series of brownish bands and a broad zone 
fluorescing blue in ultraviolet light. The latter zone was 
removed and eluted by refluxing with ethanol (3 x 150 ml.). 
The brownish ethanolic extract was concentrated to small 
bulk and allowed to stand, when crystals of crude Al myco- 
bactin separated (0-40 g.). The crystals were purified by 
repeated crystallization from ethanol or acetone, finally 
giving a product, m.p. 214-215°. The crystals obtained in 
this way were always reddish brown, the amount of colour 
varying from one preparation to another. A typical analysis 
gave C, 62-7; H, 8-3; N, 7-85; Al, 25%. Table 1 shows weight 
recoveries and biological activities of intermediate con- 
centrates in a complete preparation of crystalline Al myco- 
bactin from dried bacteria. 

Metal-free mycobactin could also be prepared from the 
crude product described above. For this purpose it was 
first purified by passing a CHCl, solution through short 
columns of MgSO, which absorbed some dark-coloured tars. 
After removal of the solvent, the residue was treated 
successively with ether and benzene, to take out impurities 
soluble in these solvents. This gave a light-brown powder 
suitable for conversion into the Cu complex and treatment 
by methods already described. 

In most of the large-scale preparations that have been 
carried out, Cu was removed by treatment with H,S, but 





ino 
yco- 
heir 
for 


by 
hen 
fter 
the 
was 
‘ive 
red 
ark 


om 
um 


g-) 
m. 
vas 


‘he 
ne 
ras 
.). 
all 
0- 
by 
ly 


ur 
sis 








Vol. 55 


this method was somewhat unsatisfactory owing to the 
tendency to formation of colloidal CuS and to some con- 
tamination of the product with sulphur compounds. The 
use of ion-exchange resin was subsequently found to be 
advantageous, although there was some loss of product due 
to adsorption on the resin. Dry Zeo-Karb 225 in the acid 
form was ground in a Christie and Norris mill to pass a 200- 
mesh sieve and washed free from fine particles by repeated 
settling in ethanol with removal of the supernatant. The 
resin (90 g. dry wt.) was allowed to settle in a 2-5 cm. tube 
andthe ethanol was displaced by 40 % (v/v) CHCl, in ethanol. 
Cu mycobactin (20 g.) in the same solvent (1-51.) was 
allowed to flow through the column (time required, approx. 
24 hr.) and the column washed with the solvent (500 ml.). 
The issuing solution was free from copper and evaporation 
gave mycobactin (15 g.). The resin could be recovered by 
passing through it 2N-HCl in ethanol. 


Analytical methods 


Melting points are corrected. Spectra were measured on 
a Beckman spectrophotometer (cell length 2 cm. unless 
otherwise stated). 

Electrometric titrations in methanol. The electrode assembly 
consisted of a glass electrode conditioned to the solvent, and 
a reference electrode of Hg-HgCl-2m-methanolic-LiCl con- 
nected with the titration cell by a capillary bridge containing 
LiCl solution. Titration was carried out in a cell of 3 ml. 
capacity with magnetic stirring, the alkali solution being 
added from a micrometer syringe. The solvent used was 
methanol containing 20% (v/v) CHCl, to increase the 
solubility of mycobactin. Readings were made on the pH 
scale of theinstrument, but owing to the nature of thesolvent 
used the results are arbitrary and have no significance in 
terms of pH. The magnitude of the readings was found to 
vary somewhat from one experiment to another, though the 
form of the titration curve remained the same. In plotting 
the results the readings have been adjusted so that the 
maximum reading is the same in each case. 

Titration of weakly basic groups. Approx. 100 mg. of 
mycobactin or a derivative dissolved in 5 ml. glacial acetic 
acid was titrated with 0-1mM-HCIO, in glacial acetic acid 
using crystal violet as indicator (Nadeau & Branchen, 1935). 
The solution was standardized against 5 ml. 0-04M-p- 
toluidine in glacial acetic acid under exactly similar con- 
ditions. 

Quantitative acetylation. The substance (0-05-0-08 m- 
equiv.) was weighed into a 10 mm. tube. Acetic anhydride 
in dry pyridine (1M, 0-1 ml.) was added from a micrometer 
syringe and the tube at once sealed. The tube was immersed 
1 hr. in a boiling-water bath, then cooled, opened, and tube 
and contents transferred to a 25 ml. conical flask. Water 
(2 ml.) was added and the residual acetic acid titrated with 
0-03N-NaOH using phenolphthalein as indicator. Blank 
determinations were carried out under identical conditions. 
In the case of substances having an acid group, additional 
controls were included in which the substance was dissolved 
in pyridine and titrated with alkali as before; the acid 
equivalent was then used to correct the acetic acid titration. 


General properties and derivatives 


Mycobactin. The product obtained from the extractions 
described above was a white powder, not visibly crystalline. 
Mycobactin had m.p. 165-166-5°, [«]?>-19° in absolute 


CHCI, (c, 4-9). Absorption maxima in methanol: 250 mp. 
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(e=14000), 311 my. (e =3700); maxima in CHCl, at 253 and 
314 mp. Equivalent weight by titration with HClO, in 
glacial acetic acid: 870;868;873. (Found: C, 65-15, 64-7, 
64-65; H, 8-55, 8-5, 8-55; N, 8-35, 8-4, 8-3. Tests for S, 
halogens, P and -OCH; negative, ash absent. C,,H,;0,)N; 
requires C, 64-9; H, 8-7; N, 8-05%.) 

Salts of mycobactin. For conversion into the hydrochloride, 
mycobactin (1 g.) was dissolved in absolute CHCl, (25 ml.) 
and dry ether (50 ml.) added with stirring. No immediate 
precipitation occurred. The solution was quickly cooled in 
an ice bath and dry HCl passed through the solution. The 
gelatinous precipitate of the hydrochloride was centrifuged, 
washed three times with dry ether and dried in a vacuum 
desiccator. The hydrochloride was not obtained wholly 
pure. The product was a white, amorphous powder of in- 
definite melting point (80-100°), showing a blue-white 
fluorescence in ultraviolet light. Absorption maxima: 
270 mp. («=13400); 338 mp. (e=3200). (Found: N, 7-9; 
Cl, 4-2. C,,H,,0,)N;.HCl requires N, 7-7; Cl, 3-9%.) 

For preparation of the picrate, mycobactin (1 g.) was 
dissolved in absolute CHCl, (30 ml.) and treated with picric 
acid (0-4 g.) in CHCl, (20 ml.). Ether (140 ml.) was added 
and the yellow precipitate washed with ether, filtered and 
dried, giving 0-90 g., m.p. 146-147°. It was further purified 
by reprecipitating twice from CHCl, by addition of ether. 
The product, still slightly impure, was a yellow powder 
without visible crystalline structure, m.p. 150-152°. 
(Found: C, 58-4; H, 7-4; N, 9-7. C,,H,;0,).N;, C,H,0,N, 
requires C, 57-9; H, 7-2; N, 10-2%.) 

Aluminium mycobactin. The conversion of mycobactin 
into its Al complex may be brought about by adsorption on to 
neutral Al,O, and subsequent elution with ethanol as 
described on p. 604. This procedure, however, always gives 
a brown product, possibly due to the uptake of traces of Fe 
from the adsorbent. Colourless crystals may be prepared by 
the use of Al isopropoxide, though the yields are low. Losses 
occur through the formation of an insoluble by-product, 
possibly polymeric. Mycobactin (1 g.) was dissolved in 
CHCI, (20 ml.). One equivalent of Al isopropoxide (0-235 g.) 
dissolved in CHCl, (5 ml.) was added, and the mixture 
allowed to stand overnight at 20°. The solution was evapor- 
ated to smail bulk (1—2 ml.) and an excess of ether (50 ml.) 
added. The solution was allowed to stand 6 hr. and then 
filtered from some flocculent precipitate (0-20 g.). The 
filtrate was evaporated and the residue dissolved in warm 
ethanol (3 ml.), filtered, and allowed to crystallize. Yield, 
0-35 g. (m.p. 214-215-5°). Aluminium mycobactin had 
m.p. 216-5-217° (after three crystallizations). [«]1}? +376° 
in absolute CHCl, (c, 4-0). Absorption maxima in methanol: 
265 mu. (e=18 200); 342 my. (e =5300); maxima in CHCl, 
at 267 and 347 mp. (Found: C, 63-45, 62-9, 63-3, 63-1; H, 
7-9, 8-3, 8-25, 7-9; N, 7-95, 7-9, 7-85, 7-85; Al, 3-1, 3-0. 
C,,H,20,)9N;Al requires C, 63-1; H, 8-1; N, 7-8; Al, 3-0%.) 

Single crystal oscillation X-ray photographs were taken 
by Miss Bailey and Dr A. F. Wells, who report the following: 
‘The crystals are monoclinic and layer line measurements 
give (a) =15-81+0-1 A; (b) =12-31+0-1 A; (c) =13-54+0-14. 
Angle 8 =101-5°+1°. Density by flotation in Nal solution, 
1-175. Mol. wt. per unit cell = 1828 (-+ 4%). The dimensions 
given are the mean of four determinations, but the accuracy 
is somewhat low owing to the form of the product which 
crystallizes in thin, fragile plates.’ 

For conversion of Al mycobactin into the metal-free 
compound, the crystalline product (1 g.) was dissolved in 
ethanol (20 ml.), and cupric acetate (0-2 g. monohydrate) in 
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ethanol (10 ml.) added; the Cu complex was slowly pre- 
cipitated on standing. After 6 hr. the complex was filtered, 
washed with ethanol and dissolved in CHCl, (20 ml.). The 
CHCl, solution was washed twice with 1 % (v/v) acetic acid 
and twice with water, and then evaporated to half bulk to 
remove dissolved water. Methanol (25 ml.) was added and 
H,S passed through the solution. Excess of the gas was 
driven off by a stream of air and the CuS filtered off. The 
filtrate was evaporated and the residue dissolved in CHCl, 
(20 ml.) and passed through a short column of MgSO, (1 g.) 
to remove colloidal CuS. The solution was filtered, evapor- 
ated to 10 ml., treated with dry ether (30 ml.) and allowed to 
stand 4 hr. The precipitate was filtered off, washed with 
ether and dried giving a white, amorphous powder (0-82 g.), 
m.p. 165-166°, having a spectrum identical with that of 
mycobactin. 

Copper mycobactin. Mycobactin (1 g.) was dissolved in 
ethanol (40 ml.) and cupric acetate (0-3 g. monohydrate) in 
ethanol (20 ml.) added. The solution was allowed to stand 
6 hr. and the copper complex filtered off. It was dissolved 
in CHCl, (40 ml.) and the solution washed twice with 1% 
acetic acid and twice with water. It was then evaporated to 
10 ml., filtered and ether (30 ml.) added. The flocculent 
precipitate was filtered and dried giving a grey-green powder 
(0-95 g.). Copper mycobactin had no m.p., it charred above 
200°. Absorption maxima in absolute CHCl, 262 mu. 
(c=18 900); 354 mp. (e=4500). (Found: C, 60-4; H, 7-6, 
7-45; Cu, 6-7, 7-2 Cy,H,,0,;)>N,Cu requires C, 60-6; H, 7-9; 
N, 7-5; Cu, 6-8%.) 

Diacetyl mycobactin. Mycobactin (1 g.) was dissolved in 
redistilled pyridine (5 ml.) and acetic anhydride (0-25 ml.) 
added. The solution was allowed to stand 1 hr. at 20° and 
then diluted with water (20 ml.). The product was extracted 
with CHCl,, the solution washed successively with dilute 
HCl, NaHCO, solution and water and then evaporated to 
small volume (3-4 ml.). Dry ether (15 ml.) was added and 
the mixture allowed to stand 4 hr. The gelatinous precipitate 
was filtered off, washed with ether and dried giving a white, 
amorphous powder (0-90 g.). The m.p. was unchanged after 
reprecipitation. Diacetylmycobactin had m.p. 134-135-5°; 
[a]}? -6-7+0-5° in absolute CHCl, (c, 4-0). Absorption 
maxima: 250 mu. («= 12800); 312 my. (e=3900). Equiva- 
lent wt. by titration with HCIO, in acetic acid, 957. (Found: 
C, 64-05, 63-95, 64-3; H, 8-35, 8-2, 8-15; N, 7-65, 7-7, 7-7. 
C;1H790,.N; requires C, 64-2; H, 8-3; N, 7:°3%.) 


DISCUSSION 


The isolation of mycobactin reported here forms 
a preliminary to degradative work leading to 
determination of its structure which will be dis- 
cussed in later papers. The properties at present 
reported show that mycobactin is a compound 
entirely different from any other known growth 
factor. 

Mycobactin occurs in relatively high concentra- 
tions (1% of dry weight) in Myco. phlei grown on 
suitable media, and its biological activity accounts 
for most if not all of the growth-promoting action 
towards Myco. johnei possessed by simple extracts of 
Myco. phlei. Mycobactin or some related compound 
is probably present also in Myco. tuberculosis and 
other mycobacteria which are known to promote 
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the growth of Myco. johnei. Proof that mycobactin 
itself is responsible for these effects will have to 
await the isolation of the growth factors from these 
organisms. 

The question arises whether mycobactin is a 
compound found only in the mycobacteria or 
whether it has a wider distribution. The rather 
dubious growth stimulation of Myco. johnei by 
extracts of a variety of plant and animal tissues 
might indicate the presence of minute amounts of 
mycobactin, but could well be due to quite un- 
related substances, There may be small amounts of 
mycobactin in the intestine which are not readily 
detected by the method of assay but the fact that 
Myco. johnei grows in the intestinal mucosa and 
mesenteric glands of the ox does not prove this to be 
true. It is probable that Myco. johnei can synthesize 
mycobactin when growing in vivo just as adapted 
strains may do when growing on synthetic medium. 

Most of the known growth factors are of wide- 
spread occurrence, being found both in animals and 
in micro-organisms. Each compound of this kind 
probably has a characteristic biochemical function 
which is similar in different organisms even when 
they are of the most diverse types. This universality 
of function represents the biochemical unity under- 
lying many living processes. Superimposed on 
these fundamental reactions, there are presumably 
certain metabolic reactions specific to particular 
organisms or groups of organisms leading to the 
production of characteristic compounds not found 
in other organisms. Thus, some peculiarity in the 
metabolism of the mycobacteria results in the 
production of fatty products having structures 
unusual among naturally occurring compounds. 
Little is known of the mechanism of such metabolic 
peculiarities. If mycobactin proves to be a growth 
factor specific to the mycobacteria in occurrence 
and action, it will be of unusual interest as an 
essential link in a type of metabolism confined to 
this particular genus. It may therefore have 
a special importance in relation to chemotherapy. 
Many attempts have been made to prepare syn- 
thetic drugs having chemical structures resembling 
those of known bacterial growth factors in the 
hope of bringing about bacteriostasis by the blocking 
of essential enzyme systems. Generally speaking 
these attempts have been unsuccessful in producing 
drugs of practical importance. The reasons for the 
failure appear to be due largely to the fact that most 
known growth factors for micro-organisms are also 
important substances in human metabolism. The 
result is that bacteriostatic drugs of this kind are 
often too toxic to be of chemotherapeutic value. An 
example of this effect is found in pyrithiamine, 4 
structural analogue of thiamine (Woolley & White, 
1943a, b). Another difficulty which may arise is 
illustrated by pantoyl taurine, an analogue of 
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pantothenic acid (McIlwain & Hawking, 1943). The 
failure of this substance as a drug may be attributed 
to the presence of pantothenic acid in the body of the 
host in a concentration sufficient to nullify the 
action of the drug. There is reason to hope that these 
difficulties would not arise with drugs designed to 
simulate some feature of the mycobactin structure. 
Such drugs might prove of importance in the 
chemotherapy of tuberculosis or leprosy. 


SUMMARY 


1. Methods for large-scale production of Myco- 
bacterium phlei are described: the organism con- 
tained large amounts of growth factor for Myco. 
johnei when grown on media made from beef, but 
not on other media. 

2. A method for the assay of the growth factor is 
described. 


MYCOBACTIN 


607 


3. The factor has been isolated as a crystalline 
aluminium complex and also in an amorphous 
metal-free form. The name ‘mycobactin’ is sug- 
gested for the compound. 

4. Mycobactin is a hitherto undescribed com- 
pound. Evidence is given in support of the em- 
pirical formula C,,H,,0,,N;. Details are given of its 
general properties and of a number of derivatives. 

5. The concentration of mycobactin in living 
Myco. phlei grown on beef infusion medium is 
estimated to be about 3 mg./g. Optimum growth 
of Myco. johnei is promoted by the presence of 
40-80 pg. mycobactin/ml. of medium. 


The authors wish to thank Dr O. L. Davies for carrying 
out statistical analysis on the assay method, Dr A. F. Wells 
and Miss M. Bailey for X-ray spectrum measurements and 
Prof. R. E. Glover for a gift of cultures. They are also 
indebted to Messrs D. Mellor, W. Russell, J. C. B. Smith and 
R. W. White for valuable technical assistance. 
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Fluctuating electrical-potential gradients exist in 
the greater part of the organs of the animal body. 
Characteristics of the gradients produced in 
nervous and muscular elements are used to indicate 
the functional state of organs in vivo; applied 
impulses greatly change the activity of such 
organs and the metabolic activities of their con- 
stituent tissues. The application of electrical 


impulses in vitro to separated tissues under condi- 
tions which allow active metabolism has been 
described in previous papers from these laboratories 
(McIiwain, 1951a; McIlwain, Anguiano & Cheshire, 


1951; McIlwain & Gore, 1951; Kratzing, 1951). 
Large changes in the metabolic behaviour of certain 
tissues have been caused, while others were un- 
affected. 

The present paper describes: (1) apparatus 
chosen and devised to furnish and measure the 
electrical impulses applied in such experiments; 
(2) arrangements of electrodes for leading the 
impulses to the tissue; and (3) measurement of the 
effects of the impulses on (a) the electrical fields set 
up by the impulses around the tissue, and (6) the 
metabolic response of the tissue. 


P. J. W. AYRES AND H. McILWAIN 


EXPERIMENTAL AND RESULTS 


Source of electrical impulses 


Sine-wave alternating currents. Current at 50 cyc./sec. was 
obtained from mains through a transformer and potentio- 
meter. Voltage and current were measured with an Avo- 
meter no. 7, a switch being arranged to connect it in parallel 
or series with the experimental vessels (see below). In this 
way, up to six vessels could be supplied, their individual 
currents determined at the beginning and end of the experi- 
ment and the total current observed throughout. Other 
frequencies were obtained from a beat frequency oscillator 


* er 


Synchronizing 


2 TT 


1953 


The circuit is shown in Fig. 1. A 45 v supply was obtained 
by full-wave rectification through a selenium rectifier, and 
the resistance Rj, was used to control the output voltage 
of the instrument. Condensers C,, and Cy, were found 
necessary in order to reduce the effective impedance of the 
supply to a value that did not lower the voltage produced on 
charge below that of the discharge. The relay used was a 
Carpenter type 3E10. This is a polarized relay with both 
sides stable, high contact pressure and short transit time. 
A bias magnet can be adjusted so that the change-over when 
driven from a 50-cycle sine wave occurs at the same voltage 
point on each half cycle. The charge and discharge pulses are 
therefore evenly spaced at 10 msec. intervals. In practice it 
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Fig. 1. Circuit diagram of condenser pulse generator and monitor. Resistors had the following values: R,, 100 kQ; R,, 


470 kQ; Ry, 100 kQ; Ry, 33 kQ; R;, 1 


0kQ; Ry, 33 kQ; R,, 100 kQ; Ry, 10kQ; Ry, 330 kQ; Ry, 120 kQ; Ry, 1 MQ; 


Ry, 10 KQ; Ryg, 15 kQ; Ry, 1KQ; Rys, 500 OD; Ryg og, 1 MQ; Rog, 95, 500 kQ; Rye, 200kQ; Ry,, 470 kQ; Rog, 10 kQ; 


Rog, 100 kKQ; Rsyy, 50kQ. Condensers were as follows: Cj, 0-luF; C23, 0-01 pF; 
S, 2-pole 4-way wafer-switch, Yaxley type. 


100 uF electrolytic working at 50 v. 
marked 0-36 v. B, 45-v battery; relay, see text. 


type L.O. 800B of Birmingham Sound Reproducers. This 
gave an output adequate (according to frequency) for from 
two to four vessels of resistance 30-50Q; its output was set 
to match a 15Q load. When in use the waveform delivered 
was continuously observed with an oscilloscope and very 
little distortion was seen at frequencies between 10 cyc./sec. 
and 10 keyc./sec. 

Condenser pulse generator and monitor. The instrument was 
designed for the present work and gives pulses of expo- 
nential time-voltage relationship at a rate of 100/sec. The 
duration of these pulses can be varied and is measured with 
a cathode-ray tube. The duration is dependent on the load 
connected to the instrument, but means are provided for 
adjusting the duration independently of this. The peak 
voltage of the pulses can be varied and is measured by 
balancing it against a bias voltage the value of which is 
determined by a meter. 


C45, OlwF; Coto, 4uF3 Cri» 
Meter M, 0-2m-amp.; 2 in. scale 


was found that a capacitance of 4uF in series with the 
electrodes used gave pulses with time constants of 0-35- 
0-5 msec. In order that up to four vessels could be supplied 
in parallel, five 4 uF condensers were arranged so that from 
one to four could be connected in series with the vessels. 
A variable series resistance R,, allowed fine adjustment 
between each step of the capacitor switch. As adjustment of 
R,, results in a fall of voltage across the preparation, it is 
necessary to compensate this by increasing the charging 
voltage, but as the maximum voltage required kas not been 
above 24 v there is ample voltage available to correct any 
fall in voltage on operating this series resistance. 

The type of circuit used for the time base is that of a Miller 
transitron oscillator. This has the advantage of requiring 
only one valve, and the frequency range required is covered 
by one control, R,. The saw-tooth waveform of the Miller 
transitron is linear over the part used for time measurement. 
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Synchronization is achieved by applying a 50 cyc./sec. 
signal to the suppressor grid of the oscillator at the junction 
of R, and R,, the signal being obtained from one side of the 
relay energizing supply. No trouble was found in locking the 
time base at 50 and 100 cyc./sec. The duration of the pulses 
is expressed as the time constant of the output circuit and 
measured as the time taken for loss of 63% of the peak 
voltage. To do this, the time base was set to give two pulses 
(10 msec. interval) visible through a graticule in front of the 
screen. The graticule was ruled horizontally with lines 10 and 
3-7 mm. above the base-line. The peak of the discharge was 
adjusted to the upper of these, and the intercept of the 
discharge on the lower one was measured. 
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Electrodes 


Numbering and lettering of vessel and electrode types is 
consecutive with that of earlier papers (McIlwain, 1951 a, 5) 
which are those referred to when no other specific reference 
is made. 

Metals employed. In addition to descriptions given 
previously, considerable use has been made of tungsten and 
molybdenum in electrodes. Neither of these metals was 
found to interfere with ordinary manometric measurements 
and they were thus suitable when platinum was not. Also, 
they yielded gas-tight joints with Pyrex glass more satis- 
factorily than did platinum. Tungsten was found very 


an 


»—> 





cm. 


Fig. 2. A—D, grid electrodes; F, G, electrode vessels. The grid electrodes are in elevation in A, sectional end elevation 
in B, and plan in C (the upper electrode) and D (the lower). Hatched areas are of enamelled silver wire; the wire is 
bared at points P, not hatched. Black areas represent stainless steel wire. Helical connexions are shown only in 
the plan. EH: electrode arm suitable for manometric vessel Z (McIlwain, 1951 6), carrying tungsten electrode a soldered 
at 6 to a tinned copper wire c which reaches beyond the glass tube; a rubber washer at d and cement at e close the 
glass tube, and electrical connexion is made by a clip at the upper end of the wire. F': electrode vessel F; G: dipping 


electrodes G in a test tube. 


With the range of voltage used in this instrument one 
stage of amplification was ample to operate the 3 in. cathode- 
ray tube used (VCR 138). The method of voltage measure- 
ment used was chosen because it does not necessitate 
stabilized shift supplies and calibrated shift controls. Gain is 
controlled by negative feedback across R,, the slider of R, 
being normally at earth. The signal is applied to the grid 
through C, and a known bias can be applied by operation of 
Ry, the value being indicated by the meter M. Voltage 
measurement is made by biasing the valve with resistance 
R, until only the positive-going signal is observed on the 
screen; then this signal is cut off completely by operation of 
Ry. The voltage required to do this is then equal to the peak 
value of the signal. 

Cathode-ray tube type VCR 138 was used with 2 kv on the 
final anode. The ganged X controls Ry; and Y controls 
Ris-19 keep the mean potential of the plates close to that of 
the final anode. It was found that there was coupling 
between the plates resulting in a distortion of the sharp rise 
for each pulse, but this was not severe enough to affect 
measurement made on the screen. 
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suitable for making gas-tight electrical connexions through 
the walls of manometric flasks. It could not, however, be 
worked sufficiently easily for shaped electrodes to be made 
from it. It has thus been used in vessels A and A? in the 
fashion shown in Fig. 2. After sealing, it was cleaned from 
its adherent surface film either with emery paper or 
chemically. Chemical cleaning was necessary in inaccessible 
places such as the side arm b in Fig. 2 and was done by 
heating with solid NaNO,. Mechanical cleaning was found 
most suitable in position a and was necessary after every few 
experiments. 

Molybdenum wire is sufficiently flexible, and not too 
elastic, to be bent to shapes needed for vessels E. It was 
found easy to make an initial seal through Pyrex glass with 
molybdenum wire, but rapid working was necessary before 
secondary changes took place. These produced a bloom on 
the glass and bubbles by the sealed wire. Molybdenum 
electrodes in vessels E have, however, been employed 
extensively because of their freedom from the danger of 
causing gas changes and producing inhibitory substances. 
Gold-plated platinum electrodes require testing during each 
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group of experiments for freedom from these effects 
(Mcllwain, 1951a). 

Lead-in wires to electrodes. In place of the temporary 
arrangements previously described which involved con- 
tacts made with mercury, soldered or welded connexions 
have now been devised. At b, Fig. 2, soldered connexion is 
made, in a glass side arm, between an electrode and a tinned 
copper wire. The lead from a stimulator is clipped to the top 
of c. The glass side arm rises above the level of water in the 
thermostat, or of acid in a cleaning bath, and is sealed by 
litharge-glycerol cement resting on a rubber gasket. 

At f, Fig. 2, a welded connexion between platinum and 
tungsten or nichrome has been made and completely sealed 
in glass. The tungsten wire leads to the top of the side arm, 
which is of capillary tubing, and there another weld at h 
connects it with a nickel stub to which the stimulator lead 
is clipped. This connexion is also sealed in the glass. This 
arrangement was devised by Mr T. W. Wingent. In some 
cases a spiral has been made in the wire at g to relieve tension 
developed on cooling. 


Electrode arrangements 

Concentric vessels E. These were previously made by in- 
serting lengths of wire, already fused to electrode arms, to 
the shaped conical vessel and later bending the wires to 
shape. It was difficult in this way to obtain a group of vessels 
with electrodes sufficiently uniform. Recently a short length 
of fine capillary has been sealed into the vessel first, and then 
the electrodes, already bent to shape, put in the vessel and 
their lead-out wires threaded through the capillary. The 
final sealing has been carried out with the vessel full of 
hydrogen. This prevents oxidation of the cleaned wire and is 
especially useful in producing vacuum-tight molybdenum- 
to-glass seals. 

Concentric vessels F. Principles applied in designing 
vessels E were found applicable to small vessels of volume 
about 4 ml., illustrated in Fig. 2. These were designed for 
examining small tissue specimens and were used with 
10-20 mg. fresh weight of tissue in 0-8—1-2 ml. of fluid. The 
effects of applying electrical impulses to cerebral tissue in 
these vessels, quoted in Table 3, show a scatter of values not 
very much greater than that observed in vessels E. 

Grid electrodes H. Results with an earlier type of these 
electrodes have already been reported (McIlwain, Ayres & 
Forda, 1952). Dr C. C. Kratzing and Mr H. L. Buddle 
helped in their design. They were made to fit vessels.A and are 
illustrated in Fig. 2A—D. Enamelled silver wire was wound 
to a plastic frame and the silver exposed at a series of places 
which formed a grid between which the tissue lay. In use, 
the lower grid D is immersed in the saline, a tissue slice 
floated above it and lifted out with the grid, held by its 
helical connecting wire. The point of the upper grid C is 
slipped under the stainless-steel frame at the right-hand end 
of D and the left-hand ends of C and D pressed together, 
when they are held by the stainless-steel clip at that end. 
The grids with tissue are placed in vessels A already con- 
taining saline, and the helices of the grid pushed home on the 
electrodes of the vessel. 


Measurement in saline of potentials resulting 
from the application of electrical impulses 
Tissue floating freely in saline between electrodes 
is affected metabolically by applied impulses; these 
can affect the tissue only through potentials set up 
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in the fluid. Measurements were made to determine 
such potentials in the glucose-saline between the 
electrodes described above. Potentials in such 
systems depend greatly on properties of metal-fluid 
junctions ; these have been investigated in relatively 
simple solutions (for reviews see Bowden & Agar, 
1938; Agar, 1947; Kortum & Bockris, 1951; Butler, 
1951) but not, apparently, in physiological glucose. 
salines at neutral pH with the range of impulse 
types with which the present experiments were 
concerned. 


_ The saline contained 134mm-NaCl; 5-4 mm-K(; 
1-34 mm-KH,PO,, MgSO,, and CaCl, ; 13 mm-glucose; and 
10-4 mm-Na,HPO, brought to pH 7-4 by HCl. 

Apparatus for measurement. The wires to which potentials 
were applied, of types described in individual experiments 
below, were clamped so that they were immersed in fixed 
positions in the saline in a shallow dish. This imitated a 
manometric vessel of types A or E with respect to its 
diameter (35-40 mm.) and the depth of the saline (5-6 mm.). 
The dish was fixed horizontally on the stage of a James 
Swift travelling microscope. Probe wires were fixed to the 
objective of the microscope so that their points were in 
focus at about the centre of its field. This did not hinder the 
use of the microscope, with its eyepiece graticule, fo 
measuring linear distances and enabled the probe wire to 
be adjusted to varying depths in the liquid by the focusing 
rack of the microscope. The separations of the wires were 
measured by a mm. scale and micrometer on the microscope 
body, except when short distances of some 0-01 mm. were 
concerned, when the eyepiece graticule was used. 

The probe wires were made by brazing silver wire 
0-0032 in. in diameter to longer wires as leads, and com- | 
pletely insulating them with a plastic (Araldite, Aero | 
Research Co.). They were then cut to expose the tips only. 
As will be seen from the results given below the apparatus 
enabled readings of potential to be taken at each 0-05 mm. 
between wires 1 mm. apart. 

The dish and the wires used in these experiments were | 
cleaned by immersion in conc. HNO, immediately before 
use. Immersion was of some hours duration except withsilver | 
wire, when it was brief, and molybdenum wire, when brief | 
immersion in HNO, containing about 1% of conc. HCl was 
used. Mechanical cleaning of silver and gold wires by 
scraping them with a clean knife gave the same results. 


Potentials resulting from application of 
sine-wave a.c. to parallel wires 


Wires, exposed for a length of 1 cm., were placed 
a few mm. apart in the saline. This arrangement 
imitated that of electrode A (MeclIlwain, 195la, 
Fig. 9) or part of the grid of electrode E. The result of 
applying sine-wave a.c. was examined at first 
qualitatively by placing two probes between the 


wires. The potential difference between these 
probes was taken to a Cossor double-beam oscillo- 
scope (model 1049) and compared with the input 
sine wave. The results indicated an approximately 
uniform potential gradient, but as shown in Fig. 3 
alteration in the voltage-time relationships of the 
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current occurred in the saline. These alterations 
were greatest close to the wires and least at points 
about equidistant from them. 

To measure the variation in peak potential with 
distance, the circuit of Fig. 44 was first used with 
moderate success. Here a single probe was em- 
ployed and its potential balanced against a measured 


“NY 


Fig. 3. Voltage-time relationships between silver wires 
0-71 mm. diam. and 2-0 mm. apart in glucose-phosphate 
saline, determined by silver probe wires 0-0128 mm. 
diam., 0-2 mm. apart and in a line perpendicular to the 
electrodes. To the electrodes was applied a sine-wave a.c. 
of peak potential 2-85 v. A and B: with the probe nearest 
to an electrode, 0-01 mm. from it; C and D: with probes 
equidistant from the corresponding electrode. On each 
trace is superposed one derived from the signal applied to 
the electrodes, through an attenuator, adjusted to give 
a peak-peak potential of 0-2 v. A and C: applied signal of 
50 cyc./sec.; B and D of 2000 cyc./sec. 


A B 
Source of Source of 
current current 





Fig. 4. Circuits used in measuring potential gradients. A, 
voltage applied was measured at V,. R, (50Q) was of 
resistance about equal to the electrode system £,E, 
(40-100Q). In a given position of the probe electrode P, 
a position on R, was found such that current at A was 
minimal. V, then gave the potential difference between 
the probe and electrode Z,. V, is a voltmeter giving virtual 
values. Voltage and current at V, and A was measured on 
a double-beam oscilloscope. Cossor model 1049. B, in 
use, resistance R, was adjusted to give a zero reading on 
the galvanometer G, with no signal across 7',. Only 
signals in phase or 180° out of phase with the signal in 7’, 
give appreciable deflexion of galvanometer (@). A null 
point is found on R, as in the instrument of Fig. 4.4. 
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fraction of the potential applied. A true balance at 
a null point was not always obtained owing to the 
alteration in voltage-time relationships undergone 
in solution. For this reason, fluctuations out of 
phase with the input sine wave were filtered out by 
the apparatus of Fig. 4B. Both these are null-point 
instruments and depend on finding the potential 
which must be applied to a probe wire to prevent 
flow of current between it and the solution; its 
potential can then be taken as equal to that of the 
point in solution at which it is placed. 


2000 cyc./sec. 


Peak potential (Vv) 





0 1 2 2 4 5 6 7 8 
Position of probe (mm. from one wire) 

Fig. 5. Potentials in glucose-phosphate saline at 20° 
between two lcm. lengths of silver wire (0-46 mm. 
diam.) 8 mm. apart, to which sine waves of peak voltage 
6-5 v were applied; O, at 50 cyc./sec. and @, at 2000 cyc./ 
sec. The points give measurements which were made with 
the circuit of Fig. 4B. The out-of-phase components, not 
measured by this circuit, gave a complex residual wave- 
form of which the maximum amplitude at the midpoint 
between the wires was 50 mv peak-peak. The readings 
plotted as 0 and as 8 mm. were taken with the probe as 
close as possible to the electrodes, without making metallic 
contact. Its distance from the wire was then less than 
0-01 mm. The line is not drawn through the points but 
gives the theoretical relationship explained in the text. 


The maximum gradient established by alter- 
nating currents between two parallel silver wires as 
electrodes is shown by Fig. 5. In obtaining these 
values, the tip of the probe wire was adjusted to be 
in the plane of the electrodes at several chosen 
points at different distances from them. An abrupt 
change in potential was found between each 
electrode and the solution. As the probe wire was 
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moved towards an electrode, the potential measured 
in the solution perhaps 0-01 mm. from the wire 
changed sharply as metallic contact was made with 
it. In the solution, the potential change with 
distance along the line joining the centre of the two 
wires was sigmoid. The relationship between 
potential (V) and distance (d) between two such 
wires, radius R and distance D from centre to 
centre, would be expected on theoretical grounds 
(Attwood, 1949) to be 


V =k log {(2/[(}D)*— R*I/d]— 1}. 


In Fig. 5, the sigmoid line gives this relationship for 
wires of the size and distance employed, and for 
a value of k chosen so that the total voltage fall in 
solution has the observed value of 5:5v. The 
agreement with the experimental points is good. 

Although in Fig. 5 the potential gradient varies 
with distance from the electrodes it has between 
them defined upper and lower limits. The line of 
Fig. 5 is not asymptotic with the ordinates. It 
becomes straighter as the wires become closer. For 
studying the effect of a number of variables on such 
gradients, the higher and lower gradients have been 
read from graphs such as that of Fig. 5. In this way 
the dependence of the gradients on the following 
factors were determined. 

Nature of probe wire. Most of the electrodes to 
which potentials were applied were of noble metals 
and electrodes of the same nature were generally 
used for the probe to minimize the introduction of 
metal-metal potentials. When stainless-steel wire 
was used as probe with the apparatus of Fig. 4B, 
curves similar to Fig. 5, but displaced vertically 
were obtained. Displaced curves were in some cases 
obtained between silver wires and a silver probe. 

Relationships between applied voltage and potential 
gradient and current in solution. With given elec- 
trodes a fixed distance apart, increase in voltage of 
applied impulses led to change in all the character- 
istics of voltage-distance curves such as Fig. 5. This 
has been studied in detail with 50 cyc./sec. a.c. 
between 0-5 and 4 v, as many metabolic experiments 
have been carried out with currents of these char- 
acteristics. The abrupt potential change between 
metal and with increasing 
voltage, but not linearly (Fig. 6A). Nevertheless, 
the potential gradients between the electrodes, 
when expressed as described above, did increase in 
nearly direct proportion to the applied voltage. 
Current in solution was found to be directly pro- 
portional to applied voltages except when these 
were below 0-2 v or so. 

Potentials established at varying frequencies. Peak 
voltage-distance curves for sine-wave a.c. were 


solution increased 


often closely similar over a considerable range of 
frequencies, as can be seen in the comparisons of 
Table 1 and Fig. 5 between 50 and 2000 cyc./sec. 
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Above 2000 or 3000 cyc./sec., however, the abrupt 
voltage change between the metal and solution 
increased until at 10000 cyc./sec. and 6-5 v it was 
twice that of Fig. 5. 

Nature of electrode wires. Table 1 shows that the 
behaviour of molybdenum and stainless steel as 
electrodes was markedly different from that of 
silver or electro-deposited gold. With molybdenum 
and steel the potential change at the metal-solution 
interface was large and the potential gradient 
established in the solution was low. Gold as a drawn 
wire showed a larger fall in potential at the interface, 
and a smaller potential gradient in solution, than 
did electro-deposited gold. 


= 
° 







a, 2. = s 


So 


Abrupt potential charge (peak v) 


0 1 2 3 4 5 6 
Peak potential (v) 


Fig. 6. Potential between parallel silver wires established 
by sine-wave alternating currents of different voltages. 
Values were derived as described in Table 1 from experi- 
mental results plotted in Fig. 5. Wires: parallel, silver, as 
in Fig. 5, 1 mm. apart; a.c., 50 cye./sec. A, the abrupt 
change in potential between wire and solution (sum of the 
changes at the two wires). B the larger and C the smaller 
potential gradient established in solution. 


Potentials in grid electrodes. The grid electrodes of 
Fig. 2D have been used in many investigations, 
including those in which voltage-response curves 
have been determined. Accordingly, the potential 
distribution in them has been measured. 

Potential-distance curves were in all cases more 
complex than between two wires (Fig. 7). The inter- 
val between two wires in the holder always included 
a short plateau of little or no voltage change. The 
maximum gradient was again adjoining the wires 
and was of about two-thirds the value obtained by 
dividing peak applied voltage by mean distance 
between the wires (in Fig. 8, 3-15/2-1= 1-5 v/mm.). 
It is not practicable to make and maintain exactly 
uniform the position of all the wires in a group of 
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holders #, and measurements have accordingly been 
made at several intervals in more than one holder 
under the conditions of Fig. 7. The results in 
Table 2 show variations to be expected, but the 
following uniformities: (a) In no case were points of 
unusually high potential gradient found, and the 
highest gradient, of some 2 v/mm., occupied some 
10-30 % of the total distance. (b) 50-80% of the 
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distance was at a voltage gradient of half the 
maximal. Potentials found in the grid electrodes, 
while a slice of cerebral cortex was clamped between 
them were similar to those without tissue, but the 
potential fall across the tissue was greater than 
across the same distance in saline. This presumably 
reflects the greater impedance of the tissue and 
appears likely to be important in its stimulation. 


Table 1. Potentials established by a.c. impulses between parallel wires in glucose-saline solutions 


(Iwo 1 cm. lengths of the wire described below, 0-46 mm. in diameter, were placed parallel and 2 mm. apart in phos- 
phate-buffered glucose saline. Wires were of the drawn metals, except in the instance noted, when gold was electro- 
deposited on platinum as described by McIlwain (1951 a). Sine-wave a.c. at peak potential of 2-8 v was applied to the wires. 
Peak potential between one wire and a probe of the same metal (except with molybdenum wire, when a silver probe was 
used) were measured with the instrument of Fig. 4B, giving curves of the sort illustrated in Fig. 5, from which are derived 
the values of this table. Where two gradients are given, section B of the solution comprises the parts nearest to the wires 
and of greater potential gradient, section A is the central part.) 




















Impulse applied 
c —— . 
100 cyc./sec. 2000 cyc./sec. 
C a ~e oe 7 oe ~ 
Sum of Sum of 
the two the two . 
abrupt Section abrupt Section 
potential - \. potential © £—@£  —@ —________, 
changes A B changes A B 
at inter- - AN 4 AN . atinter- , —. % ‘ . 
faces Distance Gradient Distance Gradient faces Distance Gradient Distance Gradien 
Metal (v) (mm.) (V/mm.) (mm.) (v/mm.) (v) (mm.) (Vv/mm.) (mm.) (v/mm.) 
Silver 0-7 1-2 0-9 0-8 1-6 0-55 0-9 0-9 1-1 1-6 
Gold (electro-deposited) 1-15 1-4 0-85 0-6 1-15 0-15 1-6 1-15 0-4 6-0 
Gold (drawn) 2-1 1-4 0-4 0-6 0-5 0-8 1-5 1-1 0-5 1-5 
Molybdenum 2-7 2-0 0-19 — — 2-8 2-0 0-16 — _— 
Stainless steel 2-6 2-0 0-2 —_ == 2-2 2-0 0-4 — — 


Peak potential (V) 


= 
w 





1% 1 2 3 4 5 
Distance of probe from electrode A (mm.) 


Fig. 7. Potential distribution in glucose-phosphate saline between the silver wires of part of a grid electrode of Fig. 2. 
The centres of the wires are at A, B and C. Sine-wave a.c. of 3-15 v peak potential was applied and the measure- 
ments are of peak voltages at the points of maximum voltage found by moving the probe electrode vertically during 
determinations. These points of maximum voltage were found to be close to lines joining the centres of the wires. 
The probe electrode was of silver, as described on p. 610, except that its point was bent to negotiate the wires of 
the grid; measurements were made using the circuit of Fig. 4B. 


P. J. W. AYRES AND H. McILWAIN 


Potentials resulting from application 
of condenser pulses 


The apparatus of Fig. 4A was found suitable for 
following the potentials established in solution on 
applying pulses of exponential time-voltage rela- 
tionship. These were derived from the instrument of 
Fig. 1. The voltmeter V, in Fig. 4A was replaced by 
an oscilloscope in order to measure the peak voltage 
and duration of the signal applied to the electrodes. 
Balancing was not difficult since the signal, seen on 
the oscilloscope, was closely similar in its time- 
voltage relationship to the applied pulse. Between 
parallel wires the change of peak potential with 
distance was similar to that found when sine-wave 
currents were applied (p. 611). 


Potential (v) 


2 3 4 5 6 7 


Distance from centre wire (mm.) 
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such vessels, with electrodes of electro-deposited 
gold and of molybdenum, has accordingly been 
measured. 

Examples of the potentials established are shown 
in Fig. 8 and Table 2. Loss of voltage between the 
electrodes and solution is similar to that found with 
sine-wave currents. The potential gradient is not 
uniform, but is greatest at points closest to the 
centre electrode. This is the situation between 
coaxial cylinders, and the radial gradient between 
the wires as they lay in a shallow layer of saline was 
reasonably close to the gradient expected (Attwood, 
1949) between such cylinders. The line of Fig. 8B 
gives the change of potential in solution (V) with 
distance (d) from the centre ring of outer radius r 
calculated from V =k log (d/r+1). The gradient is 


Potential loss of wires (Vv) 
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Fig. 8. Potentials established by condenser pulses between concentric electrodes. A, dimensions of electrodes (gold-plated 
wire, 0-46 mm. diam.) in the vessel examined below; 7,, 72, 73, radii at which voltage was observed. B, points give 
the potentials observed in glucose-phosphate saline along the three radii of A when pulses of peak potential 18 v 
and time constant 0:4 msec. were applied; the line is not drawn through the points but from theoretical considera- 
tions given in the text. C, abrupt potential change between wires and solution (sum at the two wires) when 
condenser pulses of varying peak voltage and 0-4 msec. time constant were applied at 100/sec. to concentric 
electrodes. D, gradients established in solution between the wires at varying voltage; @, near the centre wire; 
O, near the outer wire. Values for C and D were derived from a number of measurements of the type shown in B, 
arbitrarily dividing the curve as indicated by the dotted line in B to obtain the two values for the gradient. 


Potentials at concentric electrodes. Concentric 
electrodes in conical manometric flasks were 
designed (McIlwain, 19516) so that the bulk of the 
fluid of the flask lay between the wires, and tissue 
floating freely in the fluid would be subject to the 
applied impulses. Wires have usually been about 
lcm. apart and used with condenser pulses, because 
at the voltage required for stimulation, alternating 
currents expended too much energy in the fluid. The 
gradient established by condenser pulses in several 


seen in Fig. 8D to increase with increasing applied 
voltage, but not in direct proportion to the voltage. 

Potentials established between electrodes of 
molybdenum wire were found to be similar to those 
between the gold wires of Fig. 8. In this respect the 
brief pulses of higher voltage gave results different 
from the sine-wave a.c. of Table 1. A greater fall in 
potential at molybdenum-saline than at gold-saline 
interfaces is, however, reflected in the values of 
Table 2. 
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Table 2. Potential gradients with grid and concentric electrodes 


(Grid electrodes were of silver wire as shown in Fig. 2C. Concentric electrodes were in vessels E; 1 to 3 were of electro- 
deposited gold on platinum and 4 was of molybdenum. Electrodes were immersed in glucose-phosphate saline at pH 7-4, 
6 mm. in depth in a dish 35 mm. in diameter. Potentials (peak) were determined as described in Fig. 4 and gave curves, 
similar to those shown in Figs. 7 and 8, from which were read the gradients listed below.) 


Distance over which gradients extended 
(% of distance between wires) 





Applied current; F . ~\ 

peak potential 0-0-6 0-7-1-2 1-3-2:3 

Electrode (v) (v/mm.) (v/mm.) (v/mm.) 
Grid 1 Sine wave, 3-1 8 79 13 
Grid 2 Sine wave, 3-1: 17 73 10 
Grid 3 Sine wave, 3-1 23 58 19 
Grid 4 Sine wave, 3-1 13 58 29 
Grid 5 Sine wave, 3-1 17 53 31 
Grid 6 Sine wave, 3-1 20 50 30 


Distance over which gradients extended 
(% of distance between wires) 





i Poe 
0-45-0-7 0-8--1-1 1-2-2-5 
(v/mm.) (v/mm.) (v/mm.) 
Concentric, vessel 1 
Radius 1 Condenser pulse, 18 23 55 22 
Radius 2 Condenser pulse, 18 18 62 20 
Radius 3 Condenser pulse, 18 0 77 23 
Concentric, vessel 2 
Radius 1 Condenser pulse, 18 18 62 20 
Radius 2 Condenser pulse, 18 22 64 14 
Concentric, vessel 3 
Radius 1 Condenser pulse, 18 24 67 9 
Concentric, vessel 4 
Radius 1 Condenser pulse, 18 38 39 23 


of >0-2. 


Also the results at 12 v were examined 


Metabolic response of tissues in different vessels 


Variation in response with grid and concentric 
electrodes. This assessment was carried out in order 
to see how similar were the responses using series of 
vessels and electrodes prepared in the manner 
described above. 

Four concentric electrode vessels made according 
to Fig. H (MclIlwain, 195la) were examined, two 
with electrodes of molybdenum wire and two of gold- 
plated platinum. These were employed in ten experi- 
ments for the determination of the respiratory rate 
of guinea-pig cerebral cortex. In each experiment 
tissue from one guinea pig in one ‘molybdenum’ 
and one ‘gold’ vessel was subjected to successive 
periods without electrical impulses, with impulses at 
12 v and with impulses at 24 v. In the series of 
experiments the order in which the vessels were 
handled was randomized. The responses are re- 
corded in Table 3 and were expressed as percentage 
of the initial rates because this reduced variations 
resulting from the source of tissue, its weighing and 
handling. The mean responses in the different 
vessels proved to be very similar. Variance ratios for 
the mean square deviation of results in each vessel, 
to the error variation, corresponded to a probability 


separately because the effect of a given impulse 
might be expected to show greatest dependence on 
electrode arrangements when the response is not 
maximal. Here the ratio of variance in vessels/ 
error variance was 1-56, again corresponding to a 
probability of > 0-2 (N, = 3, N,= 16). Thus variation 
between the vessels was not sufficiently great to be 
differentiated from the variation among results in 
a given vessel by the ten experiments described. 
Any difference in response due to the greater 
potential loss at molybdenum than at gold surfaces 
was not great enough to be shown. 

Variation in respiratory response was also 
examined in the smaller ring-electrode vessels F' of 
Fig. 2, and found to be of the same order of magni- 
tude (Table 3). Smaller variation was observed in 
the grid electrodes. This is probably due to the 
tissue being more rigidly fixed in relation to the 
wires. 

Electrodes G dipping into test tubes. In a previous 
study of the effects of impulses on cerebral tissues 
(McIlwain, 1951 a) it was remarked that very simple 
apparatus with two wires in a tube should be 
sufficient to cause changes in the metabolism of 
susceptible tissues. This has now been found to be 
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Table 3. Consistency of values for respiratory response of cerebral tissues with different electrodes 


(Guinea pig cerebral cortex was used in glucose-phosphate saline. Group A gives results of five experiments with each 
of four vessels (differently numbered) of type E; each standard deviation reflects the behaviour of one vessel on five 
occasions. Condenser pulses of time constant 0-3 msec. were applied at the voltages quoted. The tissue was a chopped 
suspension of particles approx. 0-3 x 0-3 x 2mm. Group B employed similar impulses and tissue preparations. Group ( 
employed sine-wave a.c. at the peak voltages quoted and tissue slices. Groups B and C are with six different vessels of 


each type, examined in one (group B) or two (group C) experiments.) 


No. of 
expts. in 
group 


Vessels Electrode 


E,1 

E, 20 
E, 21 
E, 22 


Mo rings 
Mo rings 
Au rings 
Au rings 


Au rings 


A Ag grid 


Table 4. Effect of impulses from dipping electrodes 
G on lactic acid formation by fragments of guinea 
pig cerebral cortex in test tubes 


(Cortex slices cut to about twenty fragments were 
transferred to 2 ml. of glucose-phosphate saline with Ca 
salts, in 15 x 1-6 cm. test tubes a, b, c, and d fitted with 
dipping electrodes G. These were shaken in a bath at 37° in 
air for 45 min. Specimens of 0-5 ml. of the liquid were then 
taken for determination of lactic acid. Impulses: C, 
condenser pulses, 100/sec., of which the peak voltage and 
time constant are quoted; a.c., sine wave of 50 cyc./sec. 
and of the virtual voltage and amperage quoted.) 


Tissue 
(o, outer; 
and i, inner slices) 
tube (mg.) 
la , 63 - 32-8 
i, 62 — 30-8 
i, 69 27-4 
i, 64 — 30-9 
, 63 — 31-0 
i, 61 '; 21 v, 0-3 msec. 88-4 
i, 62 —- 29-5 
i, 59 '; 20 v, 0-45 msec. 80-3 
, 64 — 31-5 
i, 67 a.c.; 3 Vv, 18 ma 50-8 
i, 60 pas 29-4 
i, 71 a.c.; 3v, 24 ma 68-6 


Lactic acid 


(umoles/g. 
tissue) 


Expt. 


TImpulses 


the case. On the basis of results with vessels Z and 
F’, concentric electrodes of molybdenum or silver 
wire were attached to a glass rod suitable for 
dipping into test tubes (Fig. 2G). 

The tubes with suspended tissue were shaken at 
2 oscillations/sec. in a thermostat at 37°. Table 4 
shows that application of impulses to the electrodes 


Respiration 
(Rate as % of unstimulated rate, 
+standard deviation) 
Group A 
oP 





At 24v 
206 + 14 
198+ 16-7 
205+17 
217+17-6 


At 12 v 


164+ 12-3 
172+11-9 
178+12-0 
172+8-0 





Group B 





Group C 
A 





At 1-13 v 
138+11-2 


in such experiments increased the formation of 
lactic acid by fragments of cerebral cortex sus- 
pended in a glucose saline. The effect is similar to 
that observed previously in manometric apparatus 
(McIlwain et al. 1951). In the present experiment, 
unstimulated formation of lactic acid was higher 
than in conical manometric vessels. Conditions of 
oxygenation of the tissue in the tubes were not 
optimum as air and not oxygen was employed, and 
the area of fluid in contact with the gas phase was 
smaller in the test tubes. 


DISCUSSION 

Use of apparatus. The apparatus described above 
has been in use for periods between 1 and 4 years and 
has been found dependable. Choice among different 
stimulating and electrode systems may be made 
as follows. The relationship between tissue and 
electrodes is most definite and reproducible with 
grid electrodes G between which the tissue is held. 
Such electrodes carrying the tissue are also con- 
venient when the tissue is to be removed completely 
at the end of an experiment, e.g. for analysis. The 
grid electrodes D described earlier (McIlwain, 19514) 
permit analysis of larger pieces of tissue but the field 
between them is not so regular and reproducible as 
in electrodes G, and has not been studied in detail. 

Vessels with concentric electrodes between which 
the tissue floats freely were designed for use with 
small fragments of tissue and during experiments 
these are distributed between the electrodes in 
a random fashion. Larger pieces of tissue become 
entangled in the electrodes to such an extent that 
their aeration is in doubt. The arrangement is not 
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suitable for analysis of constituents of the tissue 
itself, which is difficult to collect after metabolism. 
Concentric dipping electrodes have, however, been 
employed for determination of tissue constituents 
by making the electrodes to fit a homogenizer tube; 
after passage of impulses, the electrodes were 
removed, a deproteinizing agent added and the 
homogenizer pestle inserted in the course of 2 sec. 
These electrodes are simple to prepare for class 
experiments and together with a transformer or 
a simple relay to give condenser pulses are inex- 
pensive. 

Potentials between electrodes and response threshold. 
The abrupt change of potential at the electrode- 
solution interface appears to be akin to a resistance 
overpotential (Bowden & Agar, 1938). It was 
satisfactorily low with silver and electro-deposited 
gold (0-3—0-6 v at one electrode with the potential 
applied). With silver, a film of silver chloride, later 
blackening, could be seen, but this was not the case 
with gold. The abrupt potential change was in all 
cases less with sine-wave currents at 2000 than at 
100 cyc./sec. 

The distribution of potentials in the saline was 
not as simple as in, for example, the experiments of 
Rashbass & Rushton (1949), mainly because of the 
relatively large volume of fluid surrounding the 
electrodes. Nevertheless, the characteristics which 
were examined followed theoretical expectations. 
The volume of saline in the present experiments 
conditioned also the electrical characteristic which 
was measured for the purpose of correlation with 
metabolic response. Applied potential has been 
measured rather than current, since only a fraction 
of the current passes through the tissue. Moreover, 
the current passing in the vessel as a whole varies 
during the shaking which is necessary to oxygenate 
the saline. 

The gradients measured give only a partial 
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picture of the field to which the tissue is exposed. 
The part of the field which was measured was chosen 
to include the points of maximal potential gradient, 
for this is of greatest importance in judging thres- 
holds to metabolic response. The parts of the field 
more distant from the wires and not measured are 
also the parts most liable to variation when the 
vessels are shaken. From the values given in the 
tables, the threshold of cerebral tissues to both 
sine-wave alternating currents and condenser pulses 
of suitable duration and frequency can be seen to be 
at a peak voltage gradient of about 0-2 v/mm. 
Characteristics required in electrical pulses for 
metabolic response in cerebral tissues will be 
described in more detail elsewhere. 


SUMMARY 


1. An instrument is described which works from 
alternating current mains and produces condenser 
pulses suitable for applying to separated tissues. 
The pulses are alternating. Their potential and 
duration can be varied and measured, and cover the 
range of characteristics required .for altering the 
metabolism of excitable tissues. 

2. Electrodes and vessels are described which 
enable currents of various characteristics to be 
applied to separated tissues while their metabolism 
is measured by conventional procedures. They 
include a simple and inexpensive type. 

3. The potentials established in nutrient saline 
solutions, between such electrodes, have been 
measured and assessed. 

4. The uniformity of potential gradient and of 
metabolic response in a number of electrode 
systems has been determined. 

We are greatly indebted to the Board of Governors of the 
Bethlem Royal and Maudsley Hospital for a grant from the 
Hospital’s Research Fund in support of these studies. 
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in Cerebral Tissues from Man and Laboratory Animals 
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When, in man, blood glucose is lowered by insulin 
from its normal level of some 90 mg./100 ml. 
(5m™M), cerebral activities become increasingly 
disturbed until at about 20 mg./100 ml. (1-1 mm) 
coma has usually ensued. At this point the electrical 
activity of the brain has greatly changed (the 
change commencing at some 2-5 mm, Hill, Loe, 
Theobald & Waddell, 1951) and its oxygen uptake 
has fallen. Kety et al. (1948) showed that the rate 
fell from 3-4 to 2-6 ml. oxygen/100 g./min., or by 
24 %, at 1-1 mm; and to 1-9 ml. oxygen/100 g./min., 
or by 44%, at 05mm glucose. Considerable 
electrical and metabolic changes in cat brain 
followed the lowering of blood plasma glucose from 
12 to 2-5 mm (Olsen & Klein, 1947). 

It thus appears that hypoglycaemia by limiting 
the main substrate of the brain has limited the res- 
piration, the energy derived by respiration, and the 
energy-consuming electrical activities of the brain. 
This might be shown to some extent with separated 
cerebral tissues; i.e. their respiration might fall with 
falling glucose below about 2-5mm, becoming 
obviously lower at 0-5mm. To judge by many 
accounts, it is generally believed that such relation- 
ships have been demonstrated, but this is not the 
case. In suggesting correlation in vivo and in vitro, 
Gellhorn (1938) quoted Holmes (1930), who showed 
a difference between the respiration of rabbit 
cerebral cortex in salt mixtures with no added 
glucose, and with glucose at 19m, but did not study 
intermediate levels, and Wortis (1935), who de- 
scribed increase in the respiration of a brain pre- 
paration between 2 x 10-° and 0-06 mm, but reported 
no investigations with higher concentrations. 
Wortis (1935) suggested that his results agreed with 
some obtained by Holmes, possibly those quoted 
above, and with others of Dickens & Greville (1933); 
these authors, however, were again concerned only 
with the absence and presence of glucose at about 
10mm in salt mixtures. Dameshek & Myerson (1935), 
in similarly suggesting correlation, also quote 
Holmes (1930). More recently, Elliott & Henry (1946) 
found no fall in the respiration of cell-free sus- 
pensions of rat brain when glucose was reduced to 
levels as low as 0-2 mu, a fall being detectable only 


at a level estimated to be 0-1 mm. However, Maleci 
(1947) found the respiration of rabbit cerebral cortex 
to increase with increasing glucose up to 2 mm. 

Certain points lacking in previous studies have 
now been examined. (a) The large fall in respiration 
in vivo during hypoglycaemia (Kety et al. 1948) was 
associated with large changes in electrical activity 
in the brain. In most of the brain, electrical activity 
is probably not spontaneous but induced. Methods 
have been developed in these laboratories (McIlwain 
195la,b; 1952) of electrically stimulating the 
metabolism of separated cerebral tissues, and these 
methods have now been applied with varying glucose 
levels. (b) Human tissues have been examined. 
(c) Tissue preparations which retain appreciable cell 
structure have been studied over a range of glucose 
concentrations between 0-3 and 15mm and in a 
variety of media. 


EXPERIMENTAL 


Details given by McIlwain (1951a, b) were followed with 
respect to salines, preparation of animal tissues, mano- 
metric measurements, and determination of lactic acid. 
During preparation, the tissues were handled in media 
either glucose-free or containing the lowest concentration of 
glucose which was under investigation. Electrode vessels E 
(McIlwain, 19516) were used unless others are specified. 
Condenser pulses were derived from the circuit of Fig. 1B 
of McIlwain (1951 a) incorporated in an instrument capable 
of supplying four vessels simultaneously from the a.c. mains 
(Ayres & MclIlwain, 1953). Typical experiments comprised 
four to eight vessels, each with 3-5 ml. of saline containing 
the chosen concentrations of glucose, and 70 mg. fresh wt. 
of tissue as slices 0-35 mm. in thickness cut with scissors to 
about 20 fragments. Respiration was measured at 5 min. 
intervals for periods of 30-40 min. Two, three or four such 
periods (see the Tables), with or without applied impulses, 
were included in each experiment. Respiratory rates are 
given in terms of the wet weight of the tissue, determined by 
draining and weighing slices which had been floating in 
saline after cutting. The water content of such tissue was 
86-7 %, and of fresh cerebral cortex, 82:1%. 

We are greatly indebted to Mr Murray A. Falconer, 
Director of the Guy’s-Maudsley Neurosurgical Unit, for 
specimens of human cerebral tissues, which have been 
described by McIlwain, Ayres & Forda (1952) and MeIlwain 
(1953). 
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Glucose was determined colorimetrically according to 
Nelson (1944), but with the following modifications which 
were found necessary on account of the composition of the 
media used and of the low concentrations of glucose in them. 
Portions of the mixture (0-25-1 ml.) were treated with the 
CuSO,-Na,SO, mixtures (to 2 ml.) in which the quantity of 
Cu salts was sufficiently increased to leave an excess after 
any combination with constituents of the medium. The 
tungstate reagent (0-1 ml.) was added, and samples as large 
as possible taken for determination. The glucose solutions 
taken for establishing the standard curve were prepared in 
the same medium as the solutions being determined, since 
constituents such as glycylglycine were found to influence 
the colour developed. 

For experiments with serum, blood (30-60 ml.) was 
removed by syringe from the marginal ear vein of a rabbit, 
without anticoagulant, and allowed to clot during 3 hr. at 
37°. The clot was broken and the whole centrifuged. The 
serum was placed in dialysis tubing and agitated in running 
water at 10-15° for between 5 and 24hr. The glucose 
remaining was determined and found to be between 0-05 and 
1-2 mm, depending on the time of dialysis. To such serum 
(8 ml.) was added in most experiments 2 ml. of a solution 
prepared from 10 ml. 0-77mM-NaCl, 0-4 ml. 0-77mM-KCl, 
0-1 ml. 0-77M-KH,PO,, and 0-1 ml. 0-77 m-MgSO, ; and also 
0-15 ml. 0-11M-CaCl,, 0-75 ml. 0-5m-glycylglycine, and the 
chosen quantity of glucose in 0-2 ml. water. In one instance 
after brief dialysis, the salts added were reduced to two- 
thirds of these quantities. 
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RESULTS 


Metabolism of tissues in absence of 
applied electrical impulses 


Respiration in oxygenated phosphate-salines. 
Respiratory rates were first determined under 
conditions ordinarily regarded as good ones for 
metabolic studies, with various concentrations of 
glucose in media containing a balanced salt mixture 
and buffered at pH 7-2 with phosphates. Respir- 
atory rates in the absence of added glucose were 
clearly different from those in its presence (‘Table 1). 
The rate in absence of glucose was poorly main- 
tained ; at the end of 2 hr. it lay between 30 and 80 % 
of the initial rate, whereas with glucose little change 
was seen in that time. 

However, very little glucose was needed to give 
the higher and maintained rates. It was difficult 
from the results of Table 1, to see a clear difference 
between the respiratory rates when the initial 
glucose concentration was equal to or greater than 
that of normal blood (about 5 mm), and when it was 
about 0-5 mm. This was true in spite of the decrease 
in glucose concentration brought about by its 
metabolism by the tissue. When the initial glucose 


Table 1. Cerebral tissues with varying initial glucose 


(Experiments were in phosphate-buffered salines. Grey matter from the outer convexity of the cerebral hemispheres to 
a depth of 1 mm. and sliced parallel to the outer surface was used in all cases. From guinea pig and rabbit, the specimens 
were representative of all such cortex; the human specimen was from the right temporal area of a girl of 14 years. Condenser 
pulses (100/sec., alternating, of time constant 0-4 msec.) were applied at 10 v when values for respiration are in italics, 
and at 18 v when in bold-face type. Values for lactic acid and glucose in bold-face type are from vessels exposed to pulses 


as indicated in the columns giving respiratory values.) 





Glucose 
Respiration (umoles O,/g./hr.) in Lactic remaining 
Initial added successive 30 min. periods acid at end of 
glucose c —- —— (umoles/g./ experiment 
Species (mm) Ist 2nd 3rd 4th expt.) (mM) 
Guinea pig 0 55 53 46 36 3-8 — 
54 53 35 21 2-4 — 
0-67 61 56 54 54 21-2 0-22 
0-67 55 68 90 60 18-3 0-17 
2 61 70 106 59 24-0 1-08 
10 60 61 60 62 26-5 9-02 
10 57 67 100 62 48-5 8-80 
Rabbit 0 43 29 26 12 <l <0-1 
0 44 35 33 18 <1 <0-1 
0-38 47 47 47 47 5-02 <0-1 
0-38 42 47 84 39 4-04 <0-1 
0-54 50 50 48 50 14-3 0-20 
0-54 51 55 92 45 9-2 0-15 
3:8 60 60 60 60 19-0 3-17 
3-8 54 61 102 53 26-4 3-06 
Man 0 36 36 34 3 0-3 <0-1 
0 40 41 43 32 0-1 <0-1 
0-57 47 47 47 47 7-6 0-12 
0-57 40 55 70 42 48 0-05 
1-43 38 38 38 38 18-4 1-04 
1-43 37 41 85 40 21 0-98 
3-80 43 43 43 43 15-9 3-28 
3°80 42 61 90 45 23-9 3-15 
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concentration was less than 0-5 mm its final value 
was about 0-1 mM. 

Results from several experiments such as those of 
Table 1, were therefore combined and are shown in 
Fig. 1. This suggested that experiments with initial 
glucose concentrations above zero but below 1-5 mm 
might show lowered respiratory rates. To avoid 
situations in which glucose was excessively lowered 
by metabolism, only the initial rates, in experiments 
with more than 0-5 mm added glucose, were taken 
into consideration. These were subjected to the 
analysis summarized in Table 2. This showed, with 
a reasonable degree of certainty, that the respiratory 
rate in rabbit and human tissues was lowered by 
9-12 % when the initial glucose was lowered from 
5-15 mm to 0-5-1:-5mm. Also, the initial (first 
30 min.) and final (fourth 30 min.) rates were com- 
pared in a series of eight experiments with initial 
glucose levels between 0:3 and 1-2 mm. The final 
rate was 98-5 Y (standard error, 3-5) of the initial 
rate. Thus the lowered rate of initial metabolism at 
low glucose levels is maintained during the experi- 
ments and is not markedly affected by utilization of 
some of the added glucose. 

Respiration in glycylglycine-buffered media and in 
air. Phosphate can affect the level of respiration in 
cell-free preparations of cerebral tissues (Banga, 
Ochoa & Peters, 1939; see McIlwain, 1952), though 
it is not ordinarily regarded as doing so with sliced 
cerebral tissues. This does not, however, appear to 
have been investigated at low levels of glucose, and 
was therefore studied by replacing phosphate with 
glycylglycine (see McIlwain, Buchel & Cheshire, 
1951) at the same pH. No greater sensitivity to 
lowered glucose was found (Table 3), though rates 
throughout tended to be lower in the glycylglycine- 
buffered medium. 
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Fig. 1. Respiration of rabbit cerebral cortex with varying 
glucose concentrations in (A) phosphate saline; (B) a 
medium based on dialysed rabbit serum. Experiments 
were arranged as described in Table 2, and in B the 
ordinate gives actual respiratory rates as quoted in 
Table 1. In A are quoted the results of many experiments 
extending over some weeks and involving many animals. 
In different experiments the maximum unstimulated 
rate with the highest glucose level varied, and other rates 
were accordingly expressed in the figure as percentage of 
this rate. The lines in Fig. 1A are drawn to enclose the 
points: @, initial unstimulated rate; O, final unstimu- 
lated rate; and A, rate with tissues stimulated at a peak 
potential of 18 v. The lines of Fig. 1 B are drawn through 
the experimental points; @, O and & as above; [), rate 
with tissue stimulated at a peak potential of 10 v. 





Table 2. Analysis of results at varying glucose levels 


(Results are derived from experiments such as those of Table 1, but in which the period of stimulation, at 18 v, followed 
immediately after an unstimulated one. Rates in later, unstimulated periods were not significantly different from those in 
the initial ones. Choice of the concentration ranges compared was made on the basis of Fig. 1 (see text). In assessing the 
significance of the differences, the result at low glucose level was subtracted from that at high glucose level in each indi- 
vidual experiment, and the variance of distribution of these differences from the mean difference, made the basis of 
determining t; P was read from tables. This was done, rather than comparing mean rates at high and low glucose, because 
several factors were common to each experiment but could not or could not easily be controlled throughout the series. 
These were the animals from which tissue or sera were prepared, and the time and details of handling the tissue.) 


Mean 
rate with 
highest 


Species and medium 


Rabbit; phosphate saline 
Rabbit; serum preparations 


Human; phosphate saline 


Rates 
compared 
Initial 
Stimulated 
Initial 
Stimulated 
Initial 
Stimulated 


glucose 
(umoles O,/ 

g./hr.) 

41 

88 

53-8 

83 

46 

94 


C 


Mean difference of rate with 


0-5-1-5 mm glucose from 
rates with highest glucose 
- —— —. No.of Significance of 


(umoles/ 
g./hr.) 
—3-75 
-18 
— 6-0 
— 26-6 
—5°5 


-39 


(% of 
highest rate) 

-9-1 

— 20 

-11:3 

— 32 

-12 

-41 


observa- 
tions 


difference 
(P) 
0-01 
0-01 
0-01 
0-01-0-02 
0-02-0-05 
0-01-0:02 





Vol. 55 GLUCOSE LEVEL AND CEREBRAL METABOLISM 621 


Table 3. Phosphate and oxygen levels on respiration of guinea pig cerebral tissues with varying glucose 


(Values are collected from experiments arranged similarly to Table 1, except that each involved three experimental 
periods of 40 min. and the rates in these periods are given successively in the columns headed (a), (b) and (c). Each rate 
is the average of two values in separate experiments. In vessels without impulses, the successive rates refer to the same 
pieces of tissue. As prolonged stimulation led to lower respiratory rates, the values in columns with impulses were derived 
from double this number of tissue specimens, half of which had been stimulated during period (5) and half during periods 


(a) and (c).) 


Medium 


In air 


Respiration (umoles O,/g./hr.) 


In oxygen 





( 


‘ 
Initial No impulses 


~ 


With impulses 


With impulses 





glucose - . 
(mu) (a) (6) (¢) 
0-3 40 37 40 
1-0 42 51 42 
6-0 46 44 46 
0-3 36 30 
1-0 44 37 
6-0 40 45 


Buffer 
13 mm-Phosphate 


50 mm-Glycylglycine 
with 3 mm-phosphate 


In intact animals, hypoxia acts synergically with 
hypoglycaemia in causing failure of cerebral 
activities (see Himwich, 1951). In the present 
studies, oxygen rather than air has been used, as 
high oxygen tension is normally regarded as 
necessary to ensure adequate oxygenation of slices 
of the present dimensions (Warburg, 1923; Field, 
1948; for observations on stimulated tissue, see 
McIlwain, 1951a). To see whether a lowered oxygen 
tension sensitized the tissue to low glucose, com- 
parison was made of respiratory rates in oxygen and 
in air (Table 3). No sensitizing was found. In air 
the rates were always somewhat lower than in 
oxygen. 

Accumulation of iuctic acid. Little lactie acid 
accumulated when no substrate was added, but it 
appeared in increasing amounts as the added glucose 
was increased from 0-3 to 10 mm, in tissue from 
guinea pig, rabbit, and man (Table 1). 


Effects of applied impulses 


Respiration. Applied impulses had little effect on 
respiration in absence of added substrate (‘Table 1); 
they might initially delay, or later accentuate, the 
usual fall in respiration. With even small concen- 
trations of added glucose, impulses stimulated 
respiration. There can be discerned from Table 1 and 
Fig. 1 an increase in this effect with increasing 
glucose, and its extent is made clear by the analysis 
of Table 2. The lowering of glucose from 5—15 mm to 
0-5-1-5 mm in this case reduced respiration by 
20-40%. The experiments with human tissues 
showed the greatest degree of lowering with lowered 
glucose, but this does not necessarily reflect a 
greater sensitivity of human tissues to lowered 
glucose. The result is dependent on the actual 
concentrations, between 0-5 and 1-5 mm, which were 
examined, and these were not the same in the two 
groups of experiments. 





No impulses 
. c 


cr \ c \ 
(2) (6) (ce) (a) (6) (ce) (a) (6) () 
60 50 52 46 50 46 86 72 42 
62 80 70 52 50 50 =—-102 95 93 
75 72 68 59 55 59 = «108 92 90 
60 43 37 40 40 40 76 56 43 
73 65 55 4t 40 44 86 88 68 
68 68 52 42 48 42 89 8 102 78 


Applied impulses were examined at two in- 
tensities, one of which gave maximal stimulation 
with adequate glucose, while the other gave a 
smaller response. Decrease in glucose concentration 
affected about equally the responsé to both in- 
tensities of impulse. 

The effects of applied impulses were examined 
also in glycylglycine-buffered media and with air as 
gas phase. Neither of these procedures sensitized 
the tissue to lowered glucose (Table 3). Air markedly 
limited the effects of applied impulses. 

Accumulation of lactic acid. Lactic acid, accumu- 
lating in reaction mixtures with tissues to which 
impulses had been applied, increased throughout 
the range of glucose concentrations examined 
(Table 1). Considering, however, the effect of 
impulses on accumulation at any one glucose level, 
this effect was not constant but was in some cases 
a fall and in others a rise. With low initial glucose, 
impulses decreased lactic acid accumulation while 
at higher glucose levels they increased it. 


Experiments with some related substrates 

To interpret some of the preceding results DL- 
lactic acid was examined as substrate for cerebral 
tissues (Table 4). 
increased the rate of respiration of the tissue and 
supported a still higher rate on application of 
impulses. The concentrations of acid required were, 
however, high in comparison with those of glucose. 
At 2 mM respiratory rates fell with time much as 
they did in absence of substrate (compare Table 1). 
The rates were better maintained by 6-7 mm lactate, 
but the effect of stimulation remained less than that 
at 20 mm when it nearly approached that obtainable 


In adequate concentrations, it 


with glucose as substrate. From these results it is 
seen that experiments with glucose as substrate are 
unlikely to be complicated by the produced lactate 


itself acting as substrate, unless it reaches markedly 
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Table 4. Guinea pig cerebral tissues with varying substrates 


(Experimental conditions and recording of results as Table 1.) 


Initial 


Lactic 


Respiration (umoles O,/g./hr.) 
acid 


in successive 30 min. periods 


— , (umoles/ 





concentration , 
Substrate (mM) 


Lactic acid 2-0 
2-0 
6-7 
6-7 
20 
20 


0-66 

0-66 43 

2-0 43 

2-0 50 
10-0 76 
10-0 65 


0-66 35 
0-66 37 
2-0 38 
2-0 35 
10-0 50 
10-0 50 


Fructose 


Fructose 1:6-diphosphate 


more than 2 mo in the reaction mixture, i.e. unless 
the rate of accumulation is more than 2 x 3-5/0-07 or 
100 pmoles/g./expt. of 2 hr. with 70 mg. tissue in 
3-5 ml. fluid. Presumably t-lactic acid is formed, so 
that the limit becomes 50 pmoles/g./expt. In fact, 
lactic acid accumulation in the present experiments 
was always below this value (Table 1). 

With fructose as substrate (Table 4) all the 
phenomena described in relation to glucose were 
exhibited but the changes both in respiration and 
in lactic acid accumulation took place throughout 
at much higher substrate concentrations. With 
fructose diphosphate still higher concentrations 
were required. 


Experiments with serum preparations 


To assess the influence of some constituents of 
body fluids on the present findings, preparations 
from rabbit sera were incorporated in the media. 
The sera were first dialysed to remove most of their 
glucose, and inorganic salts were added to them as 
described in the experimental section. The effect of 
adding varying concentrations of glucose is shown 
in one instance in Fig. 1. The sera accentuated the 
fall in metabolism with lower glucose concentrations. 
Unstimulated respiration fell with time, not only in 
absence of glucose but also in its presence. The effect 
of impulses increased with increase in glucose even 
beyond 2mm. An analysis of results with five 
different specimens of rabbit serum is included in 
Table 2. The decrease in respiration when glucose 
was lowered to 0-15—1-5 mM was not much more than 
occurred in saline media. The decrease of stimulated 
metabolism was appreciably greater than in saline, 


2nd 3rd 4th 
45 32 25 
66 44% 29 
76 69 74 
89 89 60 
74 73 61 
96 101 60 
47 34 22 
42 35 21 
41 40 32 
58 57 29 
75 82 78 
87 70 


30 § 11 <05 
35 10 <05 
28 9 3-1 
35 ll 1-0 
48 2 27 12-0 
59 28 5:8 


g./exp.) 


19-0 


and the difference was probably real, for similar 
concentrations of glucose had been chosen in the 
two experiments. 


DISCUSSION 


Cerebral respiration in vivo and in vitro. Respira- 
tion of cerebral tissues as ordinarily examined in 
vitro, without electrical impulses, is thus much less 
sensitive to a fall in glucose concentration than is 
the brain in vivo. It is also much less sensitive than 
has been supposed by many of the workers quoted 
at the beginning of this paper. The dependence 
of respiration on the glucose level in the present 
experiments with sliced tissue from guinea pig, man, 
and rabbit is similar to that found with ‘homo- 
genized’ rat cortex by Elliott & Henry (1946). 

Electrical stimulation has, however, rendered the 
tissue much more susceptible to lowered glucose 
levels. With impulses, tissues with initially 0-5- 
1-5 mm-glucose respired at rates averaging 20-40% 
less than those with optimum glucose. This is the 
degree of lowering in respiratory rate observed in 
vivo during hypoglycaemic coma. Failure of cerebral 
respiration in hypoglycaemia can thus be ascribed 
to metabolic peculiarities of excited cerebral tissues 
themselves towards glucose, independently of any 
effects from the rest of the body. As glucose is con- 
sumed more rapidly by the stimulated tissue, it is 
understandable that any deficiency should be more 
evident in stimulated than in unstimulated tissue. 
A more specific basis for this may be suggested as 
follows. Results with fructose indicate that the 
basis for the fall in respiration with lowered glucose 
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may lie in the first reactions undergone by glucose in 
the tissue, as later reactions are probably common to 
the two sugars. Omitting discussion of compli- 
cating factors (see Himwich, 1951) it can be seen 
that the range of concentration over which the 
respiration of cerebral tissues is sensitive to glucose 
and fructose is remarkably similar to the range over 
which their phosphorylation is sensitive to hexose 
concentration when catalysed by hexokinase in 
cerebral preparations. Harpur & Quastel (1949) 
quote this reaction as sensitive to glucose between 
0-1 and 0-5 mm, while with fructose, the maximal 
rate is only being approached at 20 mmo. 

A parallelism can be seen between the relatively 
high concentrations of fructose and lactate required 
for respiratory response to impulses, and the lack of 
effect of these substances in the central nervous 
system when they are administered in vivo. High 
concentrations of fructose can support, with separ- 
ated cerebral tissues, respiratory rates which are as 
great as those with glucose (Loebel, 1925; Dickens & 
Greville, 1933). The uptake of fructose by the brain is 
however markedly less than the uptake of glucose 
(Klein, Hurwitz & Olsen, 1946), and fructose does 
not support cerebral function in hepatectomized 
animals (Mann, 1927; Mann & Magath, 1922). 
Lactic acid also did not support activity in human 
subjects nor in dogs in insulin hypoglycaemia 
(Wortis, Bowman, Goldfarb, Fazekas & Himwich, 
1941). The blood levels of lactate in these studies 
were usually less than 3mm. At 6-7 mM-DL- 
lactate, the respiratory response of the separated 
tissue to electrical impulses was below optimum 
(Table 4). Lactic acid also did not restore the 
electrocorticograms to normal in_ eviscerated 
animals (Maddock, Hawkins & Holmes, 1939). 

The preceding discussion has been concerned only 
with average responses to varying glucose levels 
whereas response at a given level varies with 
different individual tissue specimens (Fig. 1). The 
glucose level at which hypoglycaemic symptoms 
become evident in vivo also varies considerably with 
different subjects (see, for example, Sendrail, 1947) 
in a manner probably controlled endocrinologically. 
The phosphorylation of glucose is a likely point for 
such control to be exerted (Weil-Malherbe & Bone, 
1951), and it isnoteworthy that cerebral tissues from 
animals in different endocrinological conditions may 
retain metabolic differences during examination in 
vitro (see, for example, Eisenberg, Gordan & Elliott, 
1949). In distinction to Weil-Malherbe’s findings, 
however, present sera preparations appeared to act 
in one direction only : they rendered the tissues more 
susceptible to lowered glucose, while hexokinase 
was sometimes inhibited and sometimes accelerated 
by sera. The preparation of sera carried out in the 
present study, and the greater complexity of the 
system employed, may contribute to this difference. 
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Different serum specimens have behaved differently 
with tissues from the same animal, not all giving the 
type of dependence of Fig. 1B in which respiration 
can be increased by increasing glucose up to 5 mm. 
This result differs from that with rabbit tissues in 
saline media (Fig. 1A). Hypoglycaemic signs in 
some but not all human subjects may commence 
even at blood levels of over 3 mm (Hill et al. 1951), 
and to such phenomena the gradual increase in 
metabolic activity with the serum of Fig. 1B presents 
a parallel; another possible basis is given below. 

Glycolytic and respiratory responses. Lowering the 
glucose level has an interesting differential effect on 
the glycolytic and the respiratory responses to 
applied impulses. These are both present with 
glucose at 2 mM or higher, and both absent when no 
glucose is added; but at levels of 0-3-1 mm, a 
respiratory response occurs without any increase in 
accumulation of lactic acid. Accumulation may in 
fact be less when impulses have been applied, 
though lactate concentration is too low for it to 
serve as substrate when it is added as such. Endo- 
genous lactic acid may possibly be metabolized 
when that added is not, but the results are more 
simply explained by diversion of glucose catabolism 
to the oxidative pathway at the stage of pyruvic 
acid. Oxidation of pyruvate by cerebral prepara- 
tions is maximal at less than 10-*m substrate, while 
1-2x 10-*m of lactate is required (Gavrilescu, 
Meiklejohn, Passmore & Peters, 1932; Elliott, 
Scott & Libet, 1942). Such dependence has been 
determined more accurately with systems from 
muscle, and pyruvic oxidase activity found to be 
half-maximal with 2 x 10->m-pyruvate, while lac- 
tate is required at 10-2 or higher for half-maximal 
oxidation; also, low concentrations of pyruvic acid 
inhibit its oxidation (Green & Brosteaux, 1936; 
Socquet & Laidler, 1950; Jagannathan & Schweet, 
1952). The glycolytic response to impulses in cerebral 
tissues is also more sensitive than the respiratory 
response when glucose catabolism is limited by 
iodoacetate (Heald, 1953). 

The glycolytic response to applied impulses can 
increase with increasing glucose even beyond 2 mM, 
when the respiratory response is at its maximum. 
Glycolysis in the retina is believed to maintain 
certain components of the electroretinogram not 
maintained by respiration (Noell, 1951). The sensi- 
tivity of cerebral glycolysis to the glucose level at 
2-4 mm may therefore explain the development of 
hypoglycaemic symptoms while cerebral respiration 
remains unchanged. This is considered in more detail 
elsewhere (McIlwain, unpublished). 


SUMMARY 


1. Respiration of human and of other cerebral 
tissues examined as slices in nutrient salines, fell by 
9-12 % when glucose was lowered from 5-15 mm to 





624 


0-5-1-5 mm. This is the range of blood glucose levels 
in which hypoglycaemic changes, including a large 
fall in respiration, become evident in vivo. 

2. Sensitivity of the tissues to low glucose was 
not increased by replacing oxygen by air, nor by 
lowering the concentration of inorganic phosphate 
in the surrounding media. 

3. Electrical stimulation of the metabolism of 
separated tissues rendered them much more sus- 
ceptible to a fall in glucose level. Respiration of 
stimulated human cerebral cortex was lower by 
30 % at 0-5-1-5 mm than at 5-15 mm. 

4. Preparations of rabbit sera rendered the 
electrically stimulated respiration of rabbit cerebral 
tissues still more susceptible to lowered glucose 
levels. 

5. The aerobic accumulation of lactic acid in 
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glucose-containing saline media also became more 
susceptible to lowered glucose levels when the 
tissues were subjected to electrical impulses. 

6. Respiration with lactate as substrate in. 
creased as lactate concentration was increased 
between 2 and 6 mmo in absence of stimulation, and 
at. substrate concentrations up to 20mm with 
applied impulses. With fructose as substrate both 
the respiration and the accumulation of lactic acid 
increased with increasing fructose level up to at 
least 10mm, in presence and absence of applied 
impulses. 


Iam indebted to Mr A. J. McNeil and to Mr P. J. W. Ayres 
for their technical assistance during part of this work. Partof 
the apparatus was made available by a grant by the Board of 
Governors of the Bethlem Royal and Maudsley Hospital 
from the Hospital’s Research Fund. 
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Recent studies on the metabolism of brain-cortex 
slices in vitro have shown that under suitable condi- 
tios some of the changes associated with the 
passage of electrical impulses, namely increased 
oxygen uptake, increased glycolysis and increase of 
inorganic phosphate levels, together with a decreased 
concentration of creatine phosphate, parallel those 
which can be reproduced in vivo by similar treat- 
ment (cf. McIlwain, 195la; 1952). Using this 
technique it has been found that certain drugs of 
therapeutic value repress the stimulated oxygen 
uptake and glycolysis of separated slices of cerebral 
cortex, although they do not have a similar effect on 
unstimulated metabolism (see Anguiano & McIlwain 
1951; McIlwain, 1953a). Measurement of the effect 
of these drugs has been made in terms of metabolic 
events such as oxygen uptake and lactic acid pro- 
duction. From such measurements it has not 
always been easy to decide whether the drug affects 
primarily a metabolic process or one more closely 
associated with excitation (see McIlwain, 19535). 

It therefore seemed desirable to obtain informa- 
tion concerning the effects on electrically stimulated 
tissue of substances known to inhibit metabolic 
processes, and the results with three such inhibitors 
are reported here. 


MATERIALS AND METHODS 


The salines used were phosphate and bicarbonate saline 
(Krebs & Henseleit, 1932). These were gassed with O, and 
with 95% O,-5% CO, respectively. Slices of the cortex of 
the cerebral hemispheres of guinea pigs (of an average body 
weight of 400 g.) were prepared as described by McIlwain 
(195la) and were cut into about twenty pieces with dis- 
secting scissors. The quantity of tissue added to each mano- 
meter vessel was standardized at 70 mg. wet weight in 
3-5ml. saline. The manometric electrode vessels were type E 


with ring electrodes (McIlwain, 19516). Electrical impulses 
were generated by condenser discharge (McIlwain, 1951 a) 
with a 4u¥ condenser and a frequency of 50 cyc./sec. With 
the vessels used, a time constant of 0-2-0-3 msec. was 
obtained. The p.d. was supplied by a battery and was 
normally 18 v peak voltage. 

The manometers were placed in the thermostat between 
25 and 30 min. after the death of the animal and equili- 
brated for 10 min., except in the case of experiments with 
iodoacetate when a 20 min. equilibration period was used. 
After equilibration, respiration was measured over 90 min. 
Electrical impulses were usually applied between the 30th 
and 60th min. of the experimental period. 

Substrates. D-Glucose (10m-moles) and DL-sodium 
lactate (brought to pH 7-4 with NaOH) (20 m-moles) were 
added to the salines as required. ‘ 

Inhibitors. Sodium iodoacetate was prepared from 
iodoacetic acid. Sodium fluoride and sodium malonate were 
obtained as these salts. The inhibitors were dissolved in 
water in such concentration that addition of 0-1 ml. of 
inhibitor solution to 3-5 ml. saline (the volume in the 
vessels) produced the final concentration desired. 

Lactic acid. This was determined by the method of 
Barker & Summerson (1941) in samples removed from the 
vessels at the end of the experimental period. The mano- 
meters were kept shaking in the bath to ensure adequate 
aeration until they were removed and the contents pipetted 
into 4% (w/v) CuSO,, 5H,0. 

Pyruvic acid. Pyruvic acid was estimated according to 
Friedeman & Haugen (1943), after precipitation of the 
samples with 10% (w/v) trichloroacetic acid. Under the 
conditions used, the method would not detect less than 
2-0 umoles pyruvate/g. wet weight tissue. 


RESULTS 


Metabolism in the absence of inhibitors 


The results of applying impulses to tissues main- 
tained in phosphate-glucose saline in the absence of 
added inhibitors are shown in Table 1. 


Table 1. The effect of electrical impulses on the oxygen uptake and lactate and pyruvate production 
by slices of guinea pig cerebral cortex 


(Each manometer vessel used contained 3-5 ml. phosphate saline (see methods) containing 10 m-moles glucose and 
70 mg. tissue slices. Gas: O,. Temperature: 37-5°. Impulses: condenser discharge, frequency 50 cyc./sec. Peak voltage: 
I8v. Duration of experiments: 90 min. Impulses applied during the 30th—60th min.) 


O, uptake 


Lactic acid production Pyruvic acid production 





Y —— = =e - ~— 
pmoles pmoles 
No. of No. of lactate/g. No. of pyruvate/g. 
experi- moles O,/g. Standard experi- wet wt. Standard _experi- wet wt. 
ments wet wt./hr. deviation ments tissue deviation ments tissue 
With impulses 40 115-0 +140 5 67-7 +3-0 5 <2-0 
Without impulses 31 56-8 +5-0 17 34-0 +7-2 5 <2-0 
40 
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In general, the values agreed with those previously 
found by McIlwain, Anguiano & Cheshire (1951) 
and Kratzing (1952) in that both the rate of oxygen 
consumption and the total lactic acid production 
were doubled by the passage of impulses. Pyruvate 
production was low and was not increased by the 
impulses. An experiment in which slices were 
stimulated for lhr. in tissue holders type D 
(McIlwain, 195la) and were then ground in tri- 
chloroacetic acid in a ‘homogenizer’, showed that no 
higher concentration of pyruvate accumulated in 
the slices than in the medium. Peters & Thompson 
(1934) and Quastel (1939) found that in brain tissue 
under normal conditions the level of pyruvate is 
extremely low. 
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Fig. 1. A progress curve illustrating the effect of 5 x 10-5m- 
iodoacetate on electrically stimulated and unstimulated 
O, uptake of slices of guinea pig cerebral cortex. Mano- 
meter vessels contained 3-5 ml. phosphate saline with 
10 m-moles glucose and 70 mg. tissue. Impulses were 
applied where indicated. Iodoacetate was included in the 
saline as required. Gas phase O,, temperature 37-5°. 
Curve A: tissue stimulated, iodoacetate absent; curve B: 
tissue unstimulated, iodoacetate absent; curve C: tissue 
stimulated, iodoacetate present; curve D: tissue un- 
stimulated, iodoacetate present. 


With sodium lactate as the substrate the rates of 
oxygen uptake were similar to those with glucose. 
In eight experiments the mean values and standard 
deviations were: without impulses 61-0 (+ 2:7); 
with impulses 106 (+ 10-0) umoles O,/g. wet wt. 
tissue/hr. The concentration of lactate chosen was 
20 mm since it has been shown (MclIlwain, 1953c) 
that this concentration supports the optimum 
oxygen uptake and response to electrical impulses 
with slices of guinea pig cerebral cortex. 


P. J. HEALD 


The effect of iodoacetate 


In Fig. 1 is shown a progress curve of the effects of 
5 x 10-5 iodoacetate on respiration in phosphate. 
glucose saline, in order to illustrate the type of experi- 
ment from which the results in Fig. 2 were compiled, 
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Lactic acid production (umoles/g. wet wt.) and 
oxygen uptake (jumoles/g. wet wt./hr.) 


OR 2 RO Sela ee ee 
lodoacetic acid (M X 1075) 


Fig. 2. The effect of increasing concentrations of iodoacetic 
acid on the electrically stimulated O, uptake and lactic 
acid production, with glucose as substrate, and on 0, 
uptake with lactate as substrate, by slices of guinea pig 
cerebral cortex. Data compiled from experiments of the 
type shown in Fig. 1. With glucose as substrate: +—+, 
stimulated O, uptake; O—O, unstimulated O, uptake; 

|—(, stimulated lactate production; (jj —{, unstimv- 

lated lactate production. With lactate as substrate: 

A—A, stimulated O, uptake; @—@, unstimulated 0; 

uptake. All values for O, uptake are increased by 

40 umoles/g. wet weight to avoid overlapping lines. 














The results in Fig. 2 show the effects of increasing 
quantities of iodoacetate on both stimulated and 
unstimulated oxygen uptake and on lactate pro- 
duction. In these experiments an equilibration 
period of 20min. was used, since iodoacetate 
requires the lapse of some time before inhibition is 
developed (ef. Cori, Slein & Cori, 1948). Even so, the 
full effect of the inhibitor in the lower concentration 
range was not immediately apparent (Fig. 1), and for 
this reason the time intervals between the death of 
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the animal, the placing of the chopped slices in the 
manometer vessels, and the taking of readings were 
standardized as closely as possible. 

It will be seen from Fig. 2 that iodoacetate 
reduced the stimulated oxygen uptake at 2 x 10->m. 
Alower concentration of 10-'m had little effect. The 
unstimulated oxygen uptake was not markedly 
lowered by concentrations up to 5 x 10-M, at which 
level the increased rate of oxygen uptake due to 
stimulation had been reduced nearly to the unstimu- 
lated rate. In contrast to the oxygen uptake, 


Acid production (moles CO,/g. wet wt.) 


Time (min.) 


Fig. 3. The effect of 10-5m-iodoacetate on electrically 
stimulated acid production by slices of guinea pig 
cerebral cortex. Manometer vessels contained 3-5 ml. 
bicarbonate saline containing 10 m-moles glucose and 
70 mg. tissue. Iodoacetic acid was included in the saline 
where required; gas phase 95% O,-5% CO,. Tem- 
perature 36-5°. Stimulus was applied where indicated. 

Tissue stimulated, iodoacetic acid absent; 

O—O, tissue stimulated, iodoacetic acid present; 

@—@®@, tissue unstimulated, iodoacetic acid absent; 

A—A, tissue unstimulated, iodoacetic acid present. 


x—xX, 


stimulated aerobic lactate production was much 
more sensitive to low concentrations of iodoacetate. 
Thus, 10-°m iodoacetate decreased lactate pro- 
duction by 43% compared with a small decrease 


in oxygen uptake. Aerobic glycolysis decreased 
markedly with increasing iodoacetate concentration 
and became very small at 10-‘m (see Krebs, 1931). 
At this concentration, oxygen uptake was also 
markedly reduced. Pyruvate accumulation over the 
experimental period did not exceed 2-0—3-0 pmoles/ 
g. wet weight tissue (Table 1). 

The lowered accumulation of lactic acid by tissues 
stimulated in the presence of 10-'m iodoacetate 
might have been due to oxidation, during the later 
stages of the experiments, of lactic acid which had 
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accumulated in the early stages before iodoacetate 
became fully inhibitory. In Fig. 3 is shown the 
course of acid production in bicarbonate saline by 
tissues with and without iodoacetate. It is seen that 
impulses increased acid production in the presence 
of iodoacetate, but at a lower rate than in its 
absence. Continued stimulation did not maintain 
this lowered rate after 30 min. 

The additional carbon dioxide formed under 
these conditions was equivalent to the amounts of 
lactic acid found in the vessels (see McIlwain e¢ al. 


—_— = 


Lactic acid production (umoles/g. wet wt.) 


Oxygen uptake (umoles/g. wet wt./hr.) 


eT 2 3 4-5 6 7 G6. 3 6 


Sodium fluoride (m-moles) 


Fig. 4. The effect of NaF on electrically stimulated O, 
uptake and lactic acid production and on lactate oxida- 
tion by slices of guinea pig cerebral cortex. With glucose 
as substrate: +—-+, stimulated O, uptake; O—O, 
unstimulated O, uptake; @—@®, stimulated lactic acid 
production; (J—D), unstimulated lactic acid production. 
With lactate as substrate: —-—4, stimulated O, uptake; 
A—A., unstimulated O, uptake. 





1951). Thus in one experiment the values were: 
iodoacetic acid and tissues stimulated, extra carbon 
dioxide of 48 umoles/g. wet weight and extra lactic 
acid, 50 pmoles/g. wet weight. With iodoacetic acid 
present and tissues stimulated, extra carbon dioxide 
of 12-0 pmoles/g. wet weight and extra lactic acid, 
12-0 umoles/g. wet weight. 

In contrast to the results with glucose, iodoacetic 
acid in concentrations up to 7 x 10-°m, had no effect 
on stimulated oxygen uptake when Di-lactate was 
the substrate, and it produced a 20 % depression at 
10-*M, at which concentration unstimulated oxygen 
uptake was not apparently affected. 


The effect of sodium fluoride 


In Fig. 4 is shown the effect of increasing quan- 
tities of sodium fluoride on glycolysis and oxygen 
uptake and on lactate oxidation. While the general 
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effects of increasing concentrations of the inhibitor 
on glucose metabolism were similar to those of 


Oxygen uptake (umolés/g. wet wt./hr.) 
Lactic acid production (pmoles/g. wet wt. 


--y 
23 4£5 6 #8 Fae 
Malonate (m-moles) 


0 1 100 


Fig. 5. The effect of increasing concentrations of sodium 
malonate on electrically stimulated respiration and lactic 
acid production, with glucose as substrate, and on 
stimulated respiration with lactate as substrate, by slices 
of guinea pig cerebral cortex. Results were obtained from 
experiments of the type shown in Fig. 1. With glucose as 
substrate: +—-+, stimulated oxygen uptake; O—O, 
unstimulated oxygen uptake; A—A, stimulated lactic 
acid production; M—&, unstimulated lactic acid pro- 
duction. With lactate as substrate; @—®@, stimulated 
oxygen uptake; A—A, unstimulated oxygen uptake. 


90 


a 
oO 


CO, output (umoles/g. wet wt.) 


90 


Fig. 6. The effect of 0-1M-malonate on acid production by 
electrically stimulated slices of guinea pig cerebral 
cortex. Manometer vessels contained 3-5 ml. bicarbonate 
saline containing 10m-moles glucose and 70mg. of 
tissue. Malonate was included in the saline where 
required; gas phase 95% O,-5% CO, ; temperature 37-5°. 
Electrical stimulus was applied where indicated. +—+, 
slices stimulated, malonate absent; A—~A,_ slices 
stimulated, 0-1M-malonate present; O—O, slices not 
stimulated, 0-1M-malonate present; @—®, slices not 
stimulated, malonate absent. 


iodoacetic acid, the concentration range over which 
this took place was different. A point of distinction 


between fluoride and iodoacetate lies in the lack of 


effect of fluoride on unstimulated glycolysis over 
a concentration range where oxygen uptake was 
inhibited. As with iodoacetate, the effect of impulses 
when lactate was the substrate was not suppressed 
by concentrations of fluoride which suppressed 
stimulated oxygen uptake with glucose as substrate, 


8 


Oxygen uptake (umoles/g. wet wt.) 
s 


60 90 
Time (min.) 


Fig. 7. The effect of 0-01m-malonate on the electrically 
stimulated oxidation of lactic acid by slices of guinea pig 
cerebral cortex pre-incubated with glucose. The mano- 
meter vessels contained, 3-5 ml. phosphate saline con- 
taining 5 m-moles glucose, 70 mg. tissue and malonate as 
required. The side arms contained either 0-1 ml. 0-86m- 
lactate or 0-1 ml. water. The contents of the side arms were 
tipped in at arrow A; gas phase O,, temperature 37°5°, 
NaOH in the centre cups. -+—-+, Lactate added at A, 
malonate absent; O—O, lactate added at A, 0-01™- 
malonate present; @—®@, lactate absent, 0-01 M-malonate 
present. 


The effect of malonic acid 


With unstimulated tissues malonic acid up to 
0-01m had no effect either on oxygen uptake or on 
lactic acid production (Fig. 5). With 0-1M-malonate, 
oxygen uptake was reduced to 10—15 pmoles/g. wet 
weight/hr. and lactic acid production was markedly 
increased. The course of acid production under 
these conditions is shown in Fig. 6. It will be seen 
that 0-1m-malonic acid increased lactic acid pro- 
duction to a final steady rate of some 40—50 moles 
acid/g. wet weight/hr. * 

With stimulated tissues, increased oxygen uptake 
was completely suppressed at 0-01 M-malonate. 
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Stimulated lactic acid production increased even at 
concentrations of malonate which had little effect on 
stimulated oxygen uptake. Thus a concentration of 
10-*m-malonate inhibited stimulated oxygen up- 
take by 12%, but increased stimulated lactic acid 
production by 37%. Thereafter, while increasing 
concentrations of malonate reduced the stimulated 
oxygen uptake, stimulated lactic acid production 
increased still further (Fig. 5). Even with a concen- 
tration of malonic acid as high as 0-1, the passage 
of impulses still increased lactic acid production 
(Fig. 6) to a value of 96 pmoles/g. wet weight/hr., 
which was also the value obtained when im- 
pulses were applied to tissues in the absence of 
malonate. 

With lactic acid as the substrate it was found that 
the increased oxidation of lactate in response to 
impulses was not affected by malonate in concen- 
trations of 0-01M, at which level stimulated oxygen 
uptake with glucose as substrate was completely 
suppressed (see Fig. 5). The effect of adding lactic 
acid to slices which had been pre-incubated with 
0:01M-malonate in the presence of glucose, and of 
then applying impulses, showed that this treatment 
completely abolished all response to stimulus 
(Fig. 7) and might suggest that the failure of 
malonate to inhibit lactate oxidation is due to its 
failure to penetrate the slice. However, this type of 
experiment is not conclusive. 


DISCUSSION 


Iodoacetic acid. The inhibitor affects primarily 
the dehydrogenation of phosphoglyceraldehyde to 
phosphoglyceric acid and henve both glycolysis and 
oxygen uptake in tissues when glucose is the sub- 
strate (Krebs, 1931; Geiger, 1940; Cori et al. 1948; 
Racker & Krimsky, 1952). An inhibition of this 
step causes both a decrease in the amount of pyruvic 
acid formed and a suppression of the linked reaction 
involving triose phosphate dehydrogenase and 
lactic dehydrogenase whereby pyruvate is reduced 
to lactic acid (Banga, 1937; Needham & Pillai, 1937; 
Cori, Velick & Cori, 1950). The latter reaction is 
probably of major importance in the production of 
lactic acid since pyruvic acid, when added alone to 
brain ‘homogenates’, forms only small quantities of 
lactic acid compared with the quantities formed 
when glucose is the substrate (Elliot, Scott & Libet, 
1942). 

From these considerations the results in Fig. 2, 
namely the decrease of stimulated lactic acid pro- 
duction at much lower concentrations of iodoacetate 
than were required to decrease stimulated oxygen 
uptake, might reasonably be explained by a diver- 
sion of pyruvic acid, when formed in the tissue in 
limited amounts, preferentially into the oxidative 
pathway. A similar explanation has been offered by 
McIlwain (1953c) who found that, with low concen- 
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trations of glucose, electrical stimulation of slices of 
human cerebral cortex increased oxygen uptake 
but did not increase lactic acid production, although 
both these increased on stimulation at higher con- 
centrations of glucose. 

Concentrations of iodoacetate which suppressed 
stimulated oxygen uptake had little effect on un- 
stimulated oxygen uptake. This effect is attributed 
to the greater requirements of the stimulated tissue 
for substrate and not necessarily to the operation of 
two metabolic systems (cf. Stannard, 1939). 

The effect of sodium fluoride. From Fig. 4 it will be 
seen that when glucose was the substrate, stimu- 
lated oxygen uptake was suppressed at 5 x 10-*m- 
sodium fluoride, at which level unstimulated oxygen 
uptake was not decreased. This was not paralleled 
by a decrease in stimulated lactic acid production, 
which indicated that stimulated oxidation of 
glucose is more sensitive to fluoride than stimulated 
glycolysis. With lactic acid as substrate, 5 x 10-*m- 
sodium fluoride had no effect on stimulated or un- 
stimulated oxygen uptake. This lack of effect on 
unstimulated oxidation is in agreement with the 
results of Elliot & Sutherland (1952) who found that 
1-5 x 10-?m-sodium fluoride did not depress the 
oxidation of pyruvic acid by slices of human 
cerebral cortex, and with those of Lipsett & 
Crescitelli (1950) using slices of rat cerebral cortex 
and lactate as substrate. On the other hand, Peters, 
Rydin & Thompson (1935) found that 2-5 x 10-*m- 
sodium fluoride inhibited oxygen uptake of pigeon- 
brain brei at a steadily increasing rate when lactate 
was the substrate. Since the latter authors used a 
brei, it is possible that the difference in results is due 
toa lack of cellular structure. In ‘homogenates’ and 
tissue extracts, sodium fluoride is known to inhibit 
succinic oxidase (Stotz & Hastings, 1937; Slater & 
Bonner, 1952) and also adenosine triphosphatase 
(Case & McIlwain, 1951; Gore, 1951) in addition to 
the well known inhibition of enolase (Lohmann & 
Meyerhof, 1934; Warburg & Christian, 1942). 

The results with electrically stimulated tissues 
present an interesting comparison with those ob- 
tained by potassium stimulation. Thus Lipsett & 
Crescitelli (1950), using slices of rat cerebral cortex 
with either glucose or lactate as substrate, found 
that the increased oxygen uptake resulting on 
addition of potassium chloride was abolished by 
2 x 10-*m-sodium fluoride. The unstimulated oxygen 
uptake with lactate as substrate was unaffected, but 
with glucose as substrate a suppression of 20% was 
obtained. 

Malonic acid. This inhibitor is known primarily to 
inhibit succinic dehydrogenase, though concentra- 
tions of 0-01™ also inhibit the oxidation of oxalo- 
acetate (Pardee & Potter, 1949) and possibly its 
decarboxylation (Sattles & Ochoa, 1950), when 
used in fortified liver ‘homogenates’. 
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Malonate was shown (Fig. 5) to increase stimu- 
lated lactic acid production and to decrease stimu- 
lated oxygen uptake at concentrations which had 
no effect on unstimulated oxygen uptake and 
glycolysis. Higher concentrations of malonate 
suppressed both stimulated and unstimulated 
oxygen uptake and increased glycolysis. These 
effects may be compared to analogous situations in 
which the potentialities for oxygen uptake are 
greatly reduced. With slices of cat cerebral cortex, 
lowering the oxygen tension to 0-5 vol. % reduced 
the Qo, by 30% and raised lactic acid production 
from 52 mg. lactic acid/g. wet weight tissue to 65 mg. 
lactic acid/g. wet weight tissue (Craig & Beecher, 
1943). Similarly, in rat-brain ‘homogenates’, 
decreasing the oxygen tension to a similar level 
increased glycolysis markedly (Elliot & Henry, 
1946). 

The rate of glycolysis under a low oxygen tension 
is greater than under complete anaerobiosis, though 
under the latter conditions glycolysis can be main- 
tained by the addition of pyruvate (Elliot & Henry, 
1946 ; Meyerhof & Wilson, 1949). In the experiments 
reported here, an estimation of pyruvic acid in the 
medium containing 5x 10-*m-malonate showed 
that the level was still below 2-0 pmoles pyruvate/g. 
wet weight tissue. It seems probable that a low 
rate of oxidative metabolism is sufficient to main- 
tain the continuous formation of a small quantity of 
pyruvate which presumably’ acts as a hydrogen 
acceptor and is reduced to lactic acid. An effect of 
malonate in decreasing oxygen uptake and in- 
creasing glycolysis with stimulated cerebral- 
cortex slices has been noted by Kimura (1940) who 
used potassium chloride to stimulate slices of rabbit 
cerebral cortex respiring in Krebs-Ringer bicar- 
bonate saline, with glucose as substrate. 

Absence of malonate inhibition of stimulated 
oxygen uptake with lactate as substrate is not under- 
stood. Previous workers, using unstimulated tissues, 
have observed that concentrations of malonate 
which inhibited the oxygen uptake of cerebral- 
cortex slices when glucose was the substrate had 
little effect when lactate or pyruvate were the sub- 
strates (Weil-Malherbe, 1937; Greville, 1936), but no 
satisfactory explanation is available. The simplest 
explanation appears to be that malonate does not 
enter tissue cells in the presence of lactate or 
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pyruvate alone, but it may be that lactate is able to 
maintain higher concentrations of succinate within 
the slices than is glucose. 

These results as a whole show that with cerebral- 
cortex slices in the presence of glucose, the electric- 
ally stimulated metabolism, which proceeds at a 
rate close to the maximal potential rate (McIlwain 
et al. 1951), is more sensitive to low concentrations 
of the inhibitors used than is unstimulated meta- 
bolism, and also that the processes involved in the 
increased glycolysis and oxygen uptake are not 
equally affected by a given inhibitor. 


SUMMARY 


1. The effects of iodoacetate, sodium fluoride and 
sodium malonate on the oxygen uptake and lactic 
acid production of electrically stimulated slices of 
guinea pig cerebral cortex have been studied. 

2. Iodoacetate depressed stimulated accumula- 
tion of lactic acid at concentrations which had little 
effect upon stimulated oxygen uptake. This was due 
to a lowered rate of lactic acid production and not to 
a removal of lactic acid produced in the early part 
of the experiments. 

3. Sodium fluoride gave results somewhat similar 
to those obtained with iodoacetate, with the 
difference that lactic acid production was not 
lowered at concentrations of fluoride which sup- 
pressed stimulated oxygen uptake. 

4. The stimulated oxidation of lactate was not 
reduced by either iodoacetate or sodium fluoride at 
concentrations which reduced stimulated oxidation 
of glucose. 

5. Malonate, up to 0-01M, decreased stimulated 
oxygen uptake, and at the same time increased 
stimulated lactic acid production. Unstimulated 
oxygen uptake and lactate production were not 
affected. Malonate at 0-1 m suppressed unstimulated 
oxygen uptake and increased aerobic glycolysis. 

6. Malonate up to 0-01m had no effect on 
electrically stimulated lactate oxidation. 

7. The results are discussed in terms of known 
metabolic pathways. 
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The hardening of the cockroach ootheca, which is 
protein in nature and contains no chitin, is brought 
about by interaction of a phenolic substance 
secreted by the right colleterial gland of the female 
insect with protein secreted by the left gland in the 
presence of an oxidase system (Pryor, 1940a). It 
was suggested on the basis of this and other evidence 
that the hardening of the exocuticle of insects is due 
to the tanning of the protein constituent by an 
agent produced by oxidation of a phenolic substance 
(Pryor, 19406). Later, the phenolic substance 
responsible for the hardening of the cockroach 
ootheca was identified as 3:4-dihydroxybenzoic acid 
(protocatechuic acid) (Pryor, Russell & Todd, 1946), 
and the presence of the same acid, or of the related 
3:4-dihydroxyphenylacetic and 3:4-dihydroxy- 
phenyllactic acids, in a number of other insect 
species was confirmed (Pryor, Russell & Todd, 1947; 
Hackman, Pryor & Todd, 1948). The actual 
hardening process envisaged involved oxidation of 
one or other of these o-dihydroxy acids to an o- 
quinone, followed by condensation of the latter with 
the —NH, (and possibly also —SH) groups in the 
protein molecules to give a stable, cross-linked 
structure in which the nitrogen of the free amino 
groups was directly attached to the aromatic 
nucleus. The effect of this condensation on the 
cuticular protein would be to reduce the solubility 
and increase resistance to attack by hydrolytic 
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agents. The process would be indeed analogous to 
the tanning of collagen by p-benzoquinone, which 
has been used in the production of leather. 

With the object of throwing further light on the 
mechanism of the hardening process, we have 
carried out some experiments on the oxidation of 
various catechol derivatives in the presence of 
amines and amino acids, using both chemical and 
enzymic methods. Further, as it is considered that 
the nitrogen of the amino groups becomes directly 
attached to the quinonoid nucleus, compounds 
related to N-(3:4-dioxocyclohexa-1:5-dienyl)amino- 
acetic acid (VII) have been synthesized and their 
properties investigated. 

The reaction between o-benzoquinone derivatives 
and compounds containing amino groups has not 
been extensively studied in the past. Kehrmann & 
Cordone (1913) reported that oxidation of catechol 
in acetic acid solution in presence of excess aniline 
gave 4:5-dianilino-1:2-benzoquinone (I), and Pugh 
& Raper (1927) obtained the same compound by 
aeration of a buffered solution of phenol or catechol 
and aniline containing the enzyme tyrosinase; from 
homocatechol, m- or p-cresol, under similar condi- 
tions, they obtained ‘dianilinohomoquinoneanil’. 
They also prepared (I) directly from o-benzoquinone 
and aniline, although, much earlier, Jackson & 
Koch (1898) prepared an aqueous solution of o- 
benzoquinone by oxidizing the lead salt of catechol 
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with iodine, and, by treating the crude quinone in 
chloroform solution with aniline, obtained 4:5- 
dianilino-1:2-benzoquinoneanil (II). Apart from 
the work of Chodat (1912), who described the 
development of various colours on treating o- 
benzoquinone with compounds containing amino 
groups, these appeared to be the only relevant 
investigations in the literature at the time the 
present work was undertaken. Since then, Jackson 
& Kendal (1949) have reported the preparation 
of 4-(2-ethoxycarbonyl-4-hydroxy-1-pyrrolidyl)5- 
methyl-1:2-benzoquinone from 4-methylcatechol 
and hydroxyproline ethyl ester hydrochloride, and 
Trautner & Roberts (1950) have proposed a mech- 
anism for the oxidative deamination of amino acids 
by catechol and polyphenolases which, for glycine, 
includes as an intermediate the compound N-(3:4- 
dioxocyclohexa-1:5-dienyl)aminoacetic acid (VII). 
The same intermediate has been demonstrated in 
polarographic studies by Doskocil (1950). 

It was decided first to examine the reaction of 
o-benzoquinone derivatives with aniline as a pre- 


Table 1. 


———— 
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liminary to experiments using amino acids, because 
it was expected that the products obtained would 
be more readily identified, and the basic reactions 
involved would be similar in the two cases. Enzymic 
and non-enzymic methods were employed for the 
oxidation of the catechol derivatives. In the 
enzymic method a solution of the catechol derivative 
in phosphate buffer (pH 6-7) containing aniline and 
polyphenol oxidase was aerated for 48 hr.; the pre- 
cipitated condensation product was then separated 
and purified. The non-enzymic procedure was a 
modification of that used by Kehrmann & Cordone 
(1913), in which the catechol derivative was oxidized 
in glacial acetic acid in presence of aniline using 
silver oxide or silver acetate, the product being 
precipitated by dilution with water. The results 
obtained by the two methods are given in Table 1. 

The structures of the products obtained by either 
method of oxidation from 4-methyleatechol and 
2-(3:4-dihydroxyphenyl)propionic acid are admit- 
tedly unproven, but the most probable formulae 
would appear to be (IV) and (V). The structure of 


Oxidation of catechol derivatives in the presence of aniline 


Product of oxidation 
ol 
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Substance 
Catechol 
3:4-Dihydroxybenzoic acid 
3-Methyleatechol 


4-Methylceatechol 


2-(3:4-Dihydroxypheny])- 
propionic acid 


Enzymic 
4:5-Dianilino-1:2-benzoquinone (I) 
4:5-Dianilino-1:2-benzoquinone (I) 
4:5-Dianilino-3-methyl-1:2- 

benzoquinone (III) 
Dianilino-4-methyl-1:2-benzo- 
quinoneanil (IV) 
2-(Dianilino-1:2-benzoquinoneanil)- 
propionanilide (V) 


Non-enzymic 
4:5-Dianilino-1:2-benzoquinone (I) 


4:5-Dianilino-1:2-benzoquinoneanil (II) 


4:5-Dianilino-3-methyl-1:2- 
benzoquinoneanil (VI) 

Dianilino-4-methyl-1:2-benzo- 
quinoneanil (IV) 

2-(Dianilino-1:2-benzoquinoneanil)- 
propionanilide (V) 





0 NHPh 0 NHPh 
0 NHPh PhN NHPh 
I I 
NHPh NHPh 
PhN Me PhN CH,.CH,.CONHPh 
0 NHPh 0 NHPh 
IV Vv 
0 NH.CH,.COOH RO NH.CH,.COOH 
0 RO 
VII VIII 


Me 
0 NHPh 
oO NHPh 
1 
Me 
oO NHPh 
PhN NHPh 
VI 
SO,C,H,Me 
MeO uit: 
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MeO 
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the product (VI) from 3-methyleatechol follows 
from its identity with 4:5-dianilino-3-methyl-1:2- 
benzoquinoneanil prepared from 2-hydroxy-5- 
nitrosotoluene or 3:6-dianilino-2-methyl]-1:4-benzo- 
quinone (Zincke, 1883; Fischer & Hepp, 1888). 
Compounds (I)-(VI) can, of course, be written in 
several tautomeric forms in some of which they 
appear as p-quinone derivatives; (II), for example, 
is identical with one product of the reaction between 
p-benzoquinone and aniline. It will be observed 
that the oxidation and condensation of 3:4-di- 
hydroxybenzoie acid was accompanied by loss of 
carbon dioxide; this was not unexpected in view of 
the known tendency of this acid to undergo de- 
carboxylation on warming its alkaline solution, or in 
presence of warm ferric chloride. It is interesting to 
note that, although both catechol and 3:4-di- 
hydroxybenzoic acid gave the same product (I) by 
the enzymic oxidation, 3:4-dihydroxybenzoic acid 
gave the anil (II) by the non-enzymic method. It is, 
however, clear that in every case, including that of 
the insect product 3:4-dihydroxybenzoic acid, 
oxidation in presence of aniline gave products in 
which aniline residues were attached directly 
through nitrogen to the aromatic nucleus. 

When similar experiments were carried out in 
which catechol derivatives were oxidized in 
presence of amino acids, the situation was more 
complex and the results were much less satisfactory. 
On aerating at pH 6~7 in presence of polyphenol 
oxidase a solution of catechol and various amino 
acids (glycine, alanine, leucine, phenylalanine, 
tyrosine or glycylglycine), the solution became 
first red then reddish violet and no insoluble 
material separated. The actual amount of coloured 
product was probably small, and in no case was it 
isolated in solid form. No doubt most of the amino 
acid was removed from reaction by oxidative 
deamination (Strecker degradation) brought about 
by the o-benzoquinone. This oxidative deamination 
occurs readily with «-amino acids, less so with 
dipeptides, and with higher peptides it does not 
occur appreciably (Kisch, 1932). Substitution of 
B-alanine, aliphatic amines or ammonia in these 
experiments with catechol led to the formation of 
resinous products. Very similar results were ob- 
tained when the catechol in these experiments was 
replaced by 3:4-dihydroxybenzoic acid, ethyl 
3:4-dihydroxybenzoate, 3:4-dihydroxyphenylacetic 
acid and 2-(3’:4’-dihydroxyphenyl)propionic acid. 

Somewhat different results were obtained by 
non-enzymic oxidation of the various catechol 
derivatives in presence of «-amino acids. All the 
amino acids yielded lustrous black solids in the 
experiments with catechol. These solids were in- 
soluble in water, very sparingly soluble in benzene 
or chloroform, soluble in ethanol, and very soluble 
in acetone, acetic acid or pyridine, giving red 
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solutions. From analytical data and from their 
general behaviour it appeared that these products 
were complex and probably polymeric, their com- 
position depending on the experimental conditions 
employed; thus, under two different sets of condi- 
tions using glycine, products were obtained which 
were made up of catechol and glycine residues in the 
ratios 3/2 and 9/2, linkage having been effected by 
loss of water and hydrogen from the starting 
materials. Attempts to condense solutions of pre- 
formed o-benzoquinone with «-amino acids yielded 
similar products of an indefinite nature. 

Proteins react readily with quinones (cf. the 
tanning of collagen). In the presence of polyphenol 
oxidase aqueous solutions of catechol, 3:4-dihydr- 
oxybenzoic acid, 3:4-dihydroxyphenylacetic acid 
or 3:4-dihydroxyphenylalanine (a«-amino-f-(3’:4’- 
dihydroxypheny]l)-propionic acid) reacted with the 
water-soluble cuticular protein from Sphinz ligustri 
larvae, so as to render it insoluble in water. Tetra- 
bromophthalein ethyl ester and ninhydrin tests 
showed the absence of protein in the residual 
aqueous solutions. When 3:4-dihydroxyphenyl- 
alanine was used, the insoluble material was black 
(probably due to melanin formation), but with all 
the other compounds it was red. In these cases the 
cuticular protein was rendered water insoluble by 
the oxidized polyphenols, presumably by reaction 
of the latter with the amino groups of the protein 
chains. 

To obtain further information about the pro- 
perties of products formed in the reaction of an 
o-quinone with a protein, compounds related to 
N-(3:4-dioxocyclohexa-1:5-dienyl)aminoacetic acid 
(VII) have been synthesized. Compounds of this 
type should bear a structural relation to the initial 
condensates obtained from o-quinones and amino 
acids. 

Initially, attempts were made to prepare 
N-(3:4-dihydroxyphenyl)aminoacetic acid (VIII; 
R=H) by acid hydrolysis of N-(3:4-dimethoxy- 
phenyl)N-toluene-p-sulphonamidoacetic acid (IX), 
since the diacetate of 4-aminocatechol did not react 
with chloroacetic acid or its esters without decom- 
position. The acid (IX) was prepared by condensing 
3:4-dimethoxy-N-toluene-p-sulphonanilide with 
chloroacetic acid or, better, as its potassium salt 
with ethyl chloroacetate followed by alkaline 
hydrolysis, but we were unable to effect removal of 
the toluene-p-sulphonyl or methyl groups without 
gross decomposition. A similar lack of success 
attended efforts to demethylate N-(3:4-dimethoxy- 
phenyl)aminoacetic acid (VIII; R=CH;). The 
analogous N-(3:4-dibenzyloxyphenyl)aminoacetic 
acid (VIII; R=CH,Ph) similarly decomposed on 
acid hydrolysis, but its ethyl ester on hydrogenation 
using a palladized charcoal catalyst gave ethyl 
N -(3:4-dihydroxyphenyl)aminoacetate, further 
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characterized as its crystalline triacetyl derivative. 
Direct hydrogenation of (VIII; R=CH,Ph) doubt- 
less yielded the dihydroxy acid (VIII; R=H), but 
the latter could not be isolated, as its solutions 
rapidly turned yellow and developed a green 
fluorescence ; on working up such solutions only red 
gummy materials could be obtained. 

Although stable in the solid state, ethyl N- 
(3:4-dihydroxyphenyl)aminoacetate hydrobromide 
underwent spontaneous chemical change in solu- 
tion. Dissolved in methanol, it rapidly yielded 
a yellow solution A with a powerful green fluor- 
escence, the change being greatly accelerated by 
heating or by irradiation with ultraviolet light. The 
appearance of fluorescence strongly suggests forma- 
tion of a condensed ring system and the solution A 
showed absorption maxima at 410 my. and in the 
region 260-290 mp. A sample of 3:5:6-trihydroxy- 
N-methylindole (prepared in situ by hydrolysing 
its triacetate) was yellow in methanolic solution, 
showed a strong green fluorescence and had ab- 
sorption maxima at 410 and 292 mu. (cf. Harley- 
Mason, 1950). In aqueous solution, ethyl N-(3:4- 
dihydroxyphenyl)aminoacetate hydrobromide soon 
acquired a red colour, apparently due to the forma- 
tion of a product B, which could be more readily 
obtained by oxidizing the ester in aqueous or 
methanolic solution with silver oxide. Solutions of 
B thus obtained were deep red in colour and showed 


absorption maxima at 270, 397 and 430 Mp.; 


reduction with sodium dithionite removed the 
maximum at 430 myz., but the solution remained 
coloured. The oxidized solutions of B were not 
stable, and after 24 hr. they had deposited a deep- 
violet pigment C. This pigment was soluble in water 
to give a violet solution (absorption maxima 275, 
318, 552, 760 my.). It was amphoteric, giving a 
blue-green colour with sodium hydroxide and 
changing through purple and blue to blue-green 
with acid; the colour changes were reversed in each 
case by neutralization. In alkaline solution, the 
pigment C was reduced by sodium dithionite 
giving a yellow solution which was rapidly re- 
oxidized in air. Molecular weight determinations 
indicated that C was a polymeric substance. 
Although the structure of these various products 
has not been definitely established, it seems that 
solution A probably contained 3:5:6-trihydroxy- 
indole formed from the original ester by elimination 
of ethanol. The red solution B almost certainly owes 
its colour to the presence of the quinone ethyl N- 
(3:4-dioxocyclohexa-1:5-dienyl)aminoacetate (i.e. 
the ethyl ester of VII). The precise nature of C is 
less certain, but it would seem probable that it has 
been formed by condensation of two molecules of 
the quinone B to a tetrahydroxyphenazine deriva- 
tive followed by a polymerization process. It is 
unlikely that it is derived from an indoxylquinone 
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or that it is closely related to the melanins which are 
brown in alkaline solution and have quite different 
absorption characteristics (Mason, 1948; Harley- 
Mason, 1948). 

It is in any case clear that the further reactions 
undergone by such substances as N-(3:4-dihydroxy- 
phenyl)aminoacetic acid are complex and may 
proceed either by formation of indole derivatives 
followed by oxidative polymerization, or by pre- 
liminary quinone formation followed by condensa- 
tion reactions. In this sense the results obtained in 
the experiments described support the general 
thesis that the first step in the reaction of o-benzo- 
quinone derivatives with amino acids or proteins 
involves the amino groups of the latter, yielding 
compounds in which nitrogen is directly attached to 
the aromatic nucleus in either the 4 or 5 positions or 
both. This step is followed by condensation and 
oxidation processes, yielding products which may 
bear some relation to those encountered in the 
melanin field but whose precise nature remains 
uncertain. 


EXPERIMENTAL 
Condensation of o-benzoquinones with aniline 


Enzymic. To catechol (2 g.) in 0-1M-sodium phosphate 
buffer (1 1., pH 6-7) aniline (5 ml.) and a trace of polyphenol 
oxidase (prepared according to Keilin & Mann (1938) from 
Psalliota campestris) were added and the solution aerated 
for 48 hr. with air washed with chloroform water. The solu- 
tion rapidly turned red and the red precipitate which formed 
was collected by filtration, or preferably by centrifugation, 
washed with dilute HCl and with water and then dried in 
vacuo over P,O; and KOH at room temperature. A further 
small quantity of material was obtained by extraction of the 
aqueous solution with ether. The dried material was ex- 
tracted with acetone in a vapour-jacketed Soxhlet ap- 
paratus and the red needles which separated on concentra- 
tion of the extract were crystallized from acetone to give 
4:5-dianilino-1:2-benzoquinone (I) (2 g., 38%), m.p. 193°. 

Similarly 3:4-dihydroxybenzoic acid (2g.) gave 4:5- 
dianilino-1:2-benzoquinone (I) (l1g., 27%), m.p. 193°. 
(Found: N, 9-7. Calc. for C,,H,,O,N,: N, 97%.) The 
evolution of CO, in this reaction was demonstrated by using 
CO,-free buffer solution, CO,-free O, instead of air and 
passing the outgoing gases through a solution of Ba(OH),. 
During the reaction a copious precipitate of BaCO, formed. 
A control, in which buffer solution only was used, showed 
that no precipitate was formed in the absence of the other 
reactants. 

3-Methyleatechol gave 4:5-dianilino-3-methyl-1:2-benzo- 
quinone (III), red needles, m.p. 140°. (Found: C, 74-9; H, 
5-2; N, 8-8. C,,H,,0,N, requires C, 75-0; H, 5-3, N, 9:2%.) 

4-Methylceatechol gave dianilino-4-methyl-1:2-benzoquin- 
oneanil (IV), red-brown needles, m.p. 202°. (Found: C, 78:8; 
H, 5-3; N, 10-8; active H, 0-49. C,;H,,ON, requires C, 79:1; 
H, 5-6; N, 11-1; active H, 0-53 %.) 

2-(3:4-Dihydroxyphenyl)propionic acid yielded 
brown needles of 2-(dianilino-1:2-benzoquinoneanil)propion- 
anilide (V), m.p. 198°. (Found: C, 77-2; H, 5-4; N, 10-9. 
C33H,0.N, requires C, 77-3; H, 5-5; N, 10-9%.) 
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Non-enzymic. Silver oxide (6-4 g.) (or silver acetate, 
9-2 g.) was added to glacial acetic acid (150 ml.) and the 
suspension cooled to room temperature. A mixture of 
catechol (2 g.) and aniline (5 ml.) in glacial acetic acid 
(20 ml.) was added to the suspension of Ag,O with shaking. 
Asilver mirror formed and the solution became red. After 
being shaken for 1 hr., the solution was filtered, water 
(21.) added and the precipitate, collected by filtration and 
centrifugation, dried and purified by the method used in the 
enzymic experiment. Red needles of 4:5-dianilino-1:2-ben- 
zoquinone (3 g., 57%), m.p. 192°, were obtained. 

Similarly 3:4-dihydroxybenzoic acid gave red-brown 
needles of 4:5-dianilino-1:2-benzoquinoneanil (II), m.p. 
203°. (Found: C, 78-9; H, 5-5; N, 11-6. Cale. for C.,H,,ON; : 
C, 78-9; H, 5-2; N, 115%.) 3-Methyleatechol yielded 4:5- 
dianilino-3-methyl-1:2-benzoquinoneanil (VI), red-brown 
needles, m.p. 172°. (Found: C, 79-5; H, 5-6; N, 11-0. Cale. 
for C,;H,,ON,:C, 79-1; H, 5-6; N, 11-1%.) 4-Methyleatechol 
gave dianilino-4-methyl-1:2-benzoquinoneanil, m.p. 202° 
and 2-(3:4-dihydroxyphenyl)propionic acid gave 2-(diani- 
lino-1:2-benzoquinoneanil)propionanilide, m.p. 198°. 


Condensation of 0-benzoquinone with amino acids 
and amines other than aniline 


(a) Substitution of glycine (3-5 g.) for aniline in the above 
non-enzymic experiment gave, with catechol, 0-5 g. of a 
lustrous black solid, which was purified by concentrating 
filtered ethanolic solutions; m.p.>300°. (Found: C, 64-7; 
H, 4:4; N, 6-7. C,,H,O,N requires C, 65-0; H, 4-5; N, 6-9%.) 
Similar black solids were obtained from alanine, leucine, 
glycylglycine, phenylalanine and f-aminopropionic acid. 
Benzylamine or N-methylaniline gave red-brown solids, 
soluble in acetone and with m.p.’s >300°. 

(b) To a vigorously stirred mixture of Ag,O (4-75 g.), 
glycine (3-5 g.) and glacial acetic acid (150 ml.), a solution of 
catechol (2 g.) in glacial acetic acid (20 ml.) was added drop 
by drop during 30 min. A silver mirror formed and the 
solution became dark red. The solution was filtered, water 
(2-5 1.) added and the precipitate (1-8 g.) was collected, dried 
and purified as before; m.p. >300°. (Found: C, 69-5; H, 6-6; 
N, 2-7. (CsgHgg03Ne)n requires C, 69-7; H, 6-7; N, 28%.) 


Condensation of o-benzoquinones with 
insect cuticular protein 


A solution containing water-soluble cuticular protein 
(50 mg.) from hawk moth larvae (Sphinx ligustri), 3:4-di- 
hydroxybenzoic acid (100 mg.) and a trace of polyphenol 
oxidase in phosphate buffer (2 ml., pH 6-7) was set aside for 
7 days and then filtered. Tetrabromophthalein ester and 
ninhydrin tests showed the absence of protein in the filtrate. 
A control, which contained only protein in buffer solution, 
gave strongly positive tests for proteins after 7 days. The 
substitution of catechol, 3:4-dihydroxyphenylacetic acid or 
3:4-dihydroxyphenylalanine for the 3:4-dihydroxybenzoic 
acid also gave protein-free filtrates. 


Synthetic experiments 


4-Aminoveratrol. 4-Nitroveratrol (18-3 g.) in ethanol 


(250 ml.) was hydrogenated using a Raney nickel catalyst 
at room temperature and 100 atm. with stirring. The solu- 
tion was filtered, the filtrate evaporated to dryness in vacuo 
and the solid distilled in vacuo to yield 15 g. (98%) of the 
base as colourless crystals, m.p. 87°. It gave a hydrochloride, 
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m.p. 246° (from ethanol). (Found: C, 50-3; H, 6-4; N, 7-6; 
Cl, 18-5. C,H,,0,NCl requires C, 50-6; H, 6-5; N, 7-4; Cl, 
18-7 %.) 

3:4-Dimethoxy-N-toluene-p-sulphonanilide. 4-Aminovera- 
trol (13 g.) and toluene-p-sulphony] chloride (16-5 g.) were 
dissolved in dry pyridine (50 ml.), the solution set aside for 
2 hr., the pyridine removed in vacuo and the residue dis- 
solved in aqueous NaOH (10%, w/v). After extraction with 
ether, the aqueous layer was acidified to Congo red with HCl, 
the precipitate collected and recrystallized from ethanol 
(charcoal) to give the anilide (21 g., 81%) as colourless 
crystals, m.p. 141°. (Found: C, 58-3; H, 5-1; N, 4-6. 
C,;H,,0,NS requires: C, 58-6; H, 5-6; N, 4-6%.) Treatment 
of the product with hot ethanolic KOH gave, on cooling, an 
87% yield of the potassium salt. 

N - (3:4 -dimethoxyphenyl)N-toluene-p-sulphonamidoacetic 
acid (IX). The above potassium salt (3-45 g.), chloroacet- 
amide (0-94 g.) (or ethyl chloroacetate, 1-23 g.) and dry 
ethanol (20 ml.) were heated under reflux on a steam bath 
for 5hr. After concentration in vacuo, aqueous NaOH 
(20 ml., 10%, w/v) was added and the solution boiled until 
evolution of NH; ceased (or, in the case of ethyl chloro- 
acetate, boiled under reflux for 3 hr.). The resulting solution 
was acidified to Congo red, neutralized with solid NaHCO, 
and filtered, when 1-1 g. starting material was recovered. 
The filtrate was acidified to Congo red, giving a precipitate 
which was filtered off and recrystallized from water (char- 
coal) to give the acid (2 g., 55% or 85% on unrecovered 
starting material) as colourless needles, m.p. 157°. (Found: 
C, 55-5; H, 5-3; N, 3-9. C,,H,O,NS requires C, 55-9; H, 5-2; 
N, 3-8%.) 

Condensation of 3:4-dimethoxy-N-toluene-p-sulphon- 
anilide with chloroacetic acid in aqueous ethanolic NaOH 
gave a lower yield (14%, or 74% on unrecovered starting 
material) of the same product. 

N-(3:4-Dimethoxyphenyl)aminoacetic acid hydrochloride. 
4-Aminoveratrol (7-65 g.), chloroacetic acid (2-36 g.) and 
water (12 ml.) were heated together on a steam bath for 
5 hr. The solution was made alkaline, extracted with ether 
(3-2 g. of 4-aminoveratrol was recovered), the aqueous layer 
acidified to Congo red with HCl and again extracted with 
ether. The aqueous solution was evaporated to dryness 
under reduced pressure in an atmosphere of N, and the 
residue recrystallized from dry ethanol (charcoal) to give the 
amino acid hydrochloride (3-5 g., 57 % on chloroacetic acid) 
as colourless plates, m.p. 182° (decomp.). (Found: C, 48-1; 
H, 5-7; N, 5-8. C,9H,,0,NCl requires: C, 48-5; H, 5-7; N, 
5°7 %-) 

Alternatively, 4-aminoveratrol (7-65 g.), ethyl chloro- 
acetate (3-06 g.) and ethanol (10 ml.) were heated together 
under reflux on a steam bath for 5 hr. Then KOH (3 g.) in 
methanol (90 ml.) was added and the solution heated under 
reflux for a further 2 hr. The solution was evaporated to 
dryness under reduced pressure, and in an inert atmosphere, 
the residue taken up in water, extracted with ether (3 g. 
4-aminoveratrol recovered) and the aqueous solution 
rendered acid to Congo red. The N-(3:4-dimethoxypheny])- 
aminoacetic acid hydrochloride (4-9g., 79% on ethyl 
chloroacetate; m.p. 182° decomp.) was isolated by the 
method given above. 

4-Aminocatechol dibenzyl ether. 4-Nitrocatechol dibenzyl 
ether (25 g.; prepared by nitrating catechol dibenzyl ether) 
was heated on a steam bath with ethanol (200 ml.) and 
conc. HCl (5 ml.). Powdered Fe (reduced by H,) (13 g.) was 
added in small portions and the solution boiled vigorously 
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under reflux for 3 hr. Then NaOH (2-5 g.) in ethanol was 
added and the solution filtered hot. The filtrate, on cooling, 
deposited colourless needles (20 g., 87%), m.p. 115°, un- 
altered on recrystallization from CHCl, (Balaban (1929) 
gives m.p. 92°). (Found: C, 78-6; H, 6-5; N, 4-7. Cale. for 
Cy9H,,0.N; C, 78-7; H, 6-3; N, 4.6%.) The hydrochloride 
crystallized from ethanol or water, containing HCl, as 
colourless needles,'m.p. 206° (Balaban, 1929, gives m.p. 
197°) and the hydrobromide had m.p. 195°. Acetylation of 
the free base with acetic anhydride in acetic acid gave 4- 
acetamidocatechol dibenzyl ether as colourless needles (from 
ethanol), m.p. 160° (Balaban, 1929, gives m.p. 150°). 
(Found: C,75-9; H,5-8; N, 4-3. Cale. for C,,H,,0,N: C, 76-0; 
H, 6-1; N, 40%.) 

Ethyl N-(3:4-dibenzyloxyphenyl)aminoacetate. Ethyl bro- 
moacetate (6-7 g.) was added to 4-aminocatechol dibenzyl 
ether (24-4 g.) in warm dry benzene (44 ml.) and the solution 
heated under reflux for 5 hr. on a steam bath. The cooled 
solution was extracted three times with warm ether 
(50 ml.) (the insoluble material (14-8 g.) was 4-amino- 
catechol dibenzyl ether hydrobromide, m.p. 195°), the ether 
evaporated and the residue crystallized from ethanol 
containing HBr to give colourless needles of the amino acid 
ester hydrobromide (14 g., 74%), m.p. 145°. (Found: C, 
60-8; H, 5-6; N, 3-0; Br, 17-0. C,,H,,0,NBr requires C, 61-0; 
H, 5-6; N, 3-0; Br, 16-9%.) On grinding the hydrobromide 
with excess aqueous NaHCO, and crystallizing the residue 
from ethanol, ethyl N-(3:4-dibenzyloxyphenyl)aminoacetate 
was obtained in theoretical yield as colourless crystals, 
m.p. 66°. (Found: C, 73-7; H, 6-3; N, 3-7. C.,H,,0,N 
requires C, 73-7; H, 6-4; N, 3-6%.) 

N-(3:4-Dibenzyloxyphenyl)aminoacetic acid hydrobromide 
monohydrate. Ethyl N -(3:4-dibenzyloxyphenyl)aminoacetic 
hydrobromide (1-6 g.) and 2% methanolic NaOH (25 ml.) 
were heated together on a steam bath under reflux for 2 hr. 
Then HBr (sp.gr. 1-45; 3 ml.) was added and the solution 
evaporated to dryness under reduced pressure in an atmos- 
phere of N,. Water (10 ml.) was added to the residue and the 
solution was filtered and evaporated; the dried residue on 
recrystallization from ethanol gave 1-5 g. (96%) of colour- 
less crystals, m.p. 138°. (Found: C, 57-6; H, 5-0; N, 3-2. 
C..H,,0;NBr requires C, 57-2; H, 5-3; N, 3-0%.) 

Ethyl N-(3:4-dihydroxyphenyl)aminoacetate hydrobromide. 
Ethyl N-(3:4-dibenzyloxyphenyl)aminoacetate hydrobro- 
mide (4-72 g.) in methanol (25 ml.) was hydrogenated using 
palladized charcoal (1 g. of 10%). The solution was filtered 
and evaporated to dryness under reduced pressure in an 
atmosphere of H,. The residual oil, on crystallization from 
a mixture of dry ethanol and ether, gave 2-6 g. (90%) of the 
hydrobromide as colourless needles, m.p. 166° (decomp.). 
(Found: C, 41-4; H, 4-7; N, 4-8. C,)H,,0,NBr requires C, 
41-4; H, 4-8; N, 48%.) Acetylation with acetic anhydride 
in pyridine gave the triacetyl derivative of the base which 
formed colourless crystals m.p. 70°, when recrystallized 
from light petroleum (b.p. 100°-120°). (Found: C, 57-4; 
H, 5-6; N, 4-2. C,,H,,0,N requires C, 57-0; H, 5-7; N, 4-2 %.) 

Oxidation of ethyl N-(3:4-dihydroxyphenyl)aminoacetate 
hydrobromide. The amine hydrobromide (100 mg.) in 2 ml. of 
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methanolic formic acid (2 ml. 98% formic acid and 100 ml. 
methanol) was shaken for 1 min. with Ag,O (200 mg.) and 
the solution filtered immediately. The deep-red filtrate B 
did not deposit any material when cooled to —70°, but 
after 24 hr. at room temperature a dark-violet pigment C 
separated. The observed molecular depression in the Rast 
method for determining molecular weights was of the order 
of one-tenth of that to be expected of a monomolecular 
oxidation product, indicating that the dark-violet pigment C 
was a compound of high molecular weight. The absorption 
spectra of these oxidation products were determined 
with a Beckman photoelectric quartz spectrophotometer, 
Model DU, using matched quartz cells of 1 cm. light path. 
The absorption maxima are recorded in Table 2. 


Table 2. Absorption maxima of oxidation products 
of ethyl N-(3:4-dihydroxyphenyl)aminoacetate 

Absorption maxima 

Compound and solvent (my.) 


Ethyl N-(3:4-dihydroxypheny))- 
aminoacetate hydrobromide (in 
dilute aqueous sulphurous acid) 

4:5-Dianilino-1:2-benzoquinone 
(in methanol) 

3:5:6-Trihydroxyindole (in methanol) 292, 410 

Yellow solution A with green 260-290, 410 
fluorescence 

Red solution B 


Dark-violet pigment C in water 


295 


270, 790 


270, 397, 430 
275, 318, 552, 760 


SUMMARY 


1. The reaction of catechol derivatives with 
amines and amino acids in presence of chemical and 
enzymic oxidation systems has been studied. 

2. Ethyl N-(3:4-dihydroxyphenyl)aminoacetate, 
believed to be the initial product of the reaction 
between o-benzoquinone and glycine ethyl ester, 
has been synthesized and its properties are de- 
scribed. 

3. It is concluded that reaction between an o- 
benzoquinone derivative and an amino acid or 
protein, the first step in the hardening of the insect 
exocuticle, involves initially substitution at posi- 
tions 4 and/or 5 of the quinone nucleus, the nitrogen 
of the amino groups becoming directly attached to 
the quinone nucleus; subsequently indole formation 
followed by oxidative polymerization may occur, or 
re-oxidation to the quinone form may be followed 
by complex condensation reactions. 


We gratefully acknowledge the award of a Ramsay 
Memorial Fellowship which enabled one of us (R. H. H.) to 
participate in this work. 
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Studies of Sebum 
4. THE ESTIMATION OF SQUALENE IN SEBUM AND SEBUM-LIKE MATERIALS 


By V. R. WHEATLEY 
Departments of Biochemistry and Dermatology, Medical College of St Bartholomew’s Hospital, 
London, E.C.1 


(Received 15 April 1953) 


Early in the present investigations it was found that 
squalene is a normal constituent of human sebum 
(MacKenna, Wheatley & Wormall, 1950); at about 
the same time Sobel (1949) showed that squalene is 
also a component of human ear wax, smegma and 
hair fat. In order to study the metabolism of this 
compound and its possible function in maintaining 
the health of the skin, it was necessary to devise 
a suitable method of estimation that could be 
applied to those small amounts of sebum that can 
be obtained from small, measured areas of skin. 
Squalene is a rather inert substance and only two 


.methods of estimation are available. First, it has 


a high iodine number (370) and an iodometric 
method of analysis was devised by Fitelson (1943) 
to estimate the squalene content of edible oils. 
Secondly, it gives a brown coloration in the Lieber- 
mann-Burchard test; this test has the disadvantage 
that colour develops slowly, though it can be made to 
develop more rapidly at slightly raised temperatures 
and if acetic anhydride is used as solvent instead of 
chloroform (Sobel, 1949). The hydrocarbon fraction 
of a lipid can be separated by chromatography on 
alumina after saponification and either the iodo- 
metric method or the colour test applied. These 
methods have been investigated and the conditions 
for best recovery established. 

The previous paper in this series (Hodgson-J ones 
& Wheatley, 1952) dealt with the collection and 
estimation of sebum. 


EXPERIMENTAL 
Methods for estimating pure squalene 


Colorimetric method 


As described by Sobel (1949), this method consists of 
treating the sample of squalene (0-7 mg.) with 2 ml. of acetic 
anhydride and 5 drops of H,SO,. The solution thus ob- 
tained is placed in a water bath at 38° for 30 min.; 5 ml. of 
CHCI, are then added. The resulting colour is an indefinite 
brown with greatest absorption at 400 my. but no well- 
defined maxima. It was observed that the colour did not 
completely develop in 30 min. and also that an increase in 
temperature hastened the rate of colour development; this 
effect was therefore studied in greater detail. 

Effect of temperature on the rate of colour development. 
Samples of squalene (0-7 mg.) were treated with acetic 
anhydride (2 ml.) and H,SO, (5 drops), then placed in a 
thermostat bath within the range 19-68°. At intervals 
duplicate samples were removed, 5 ml. CHCl; were added 
and the resulting colours read in the colorimeter (Evans 
Electroselenium portable model fitted with Ilford spectrum 
blue filter no. 621). Blank determinations were made with 
reagents incubated for the same length of time. Five series 
of determinations were performed at different temperatures 
and the results obtained (Fig. 1) show that the rate of colour 
development increases with increasing temperature, and 
even at the highest temperature studied does not appear to 
have reached a maximum in 30 min. At higher temperatures 
the blank reading becomes significant, and above 68° an 
intense colour develops rapidly in the blank, obscuring any 
colour produced by squalene in the test. The most con- 
venient conditions for colour development appeared to be 
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2 hr. at 38°, provided that the temperature was accurately 
controlled. 

Calibration curve. A series of determinations was per- 
formed on quantities of squalene in the range 0-25-2-0 mg., 
the colour being allowed to develop at 38° for 2 hr. The 
results obtained showed that the colour was directly pro- 
portional to concentration but that agreement between 
duplicates was poor; in one case they differed by 25%. 


45 


= 
o 


Opticai density 


Time of incubation (hr.) 


Fig. 1. Effect of temperature on the rate of colour develop- 
ment when squalene (0-7 mg.) is treated with acetic 
anhydride and H,SO,. Optical density refers to a depth 
of solution of about 1-4 cm. See text. 


Effect of analytical manipulations. In an attempt to study 
the recovery from alumina columns it was found that, while 
for amounts of squalene of 1-2 mg. recovery was good 
(95-101 %), with smaller amounts of squalene the apparent 
recovery exceeded the theoretical value (123% with 
0-5 mg.). This was presumably due to oxidation of the 
squalene, since it has already been observed that oxidized 
squalene on treatment with acetic anhydride and H,SO, 
develops a brown colour rapidly even at room temperature 
(cf. MacKenna, Wheatley & Wormall, 1952). The method 
is therefore sensitive to even the slightest oxidation, 
which can easily occur during the simplest analytical 
manipulations. 

In view of the obvious defects of the colorimetric method 
attention was directed to the iodometric method. 


Iodometric method 


For convenience the iodine-number method developed 
for the estimation of small amounts of sebum was used 
(Hodgson-Jones & Wheatley, 1952). This proved reliableand 
sensitive (1 ml. 0-005 N-Na,S,0,=0-171 mg. squalene). The 
method gave good results with known amounts of squalene, 
and did not appear tobe sensitive to possible slight oxidation 
during analytical manipulations as was the colorimetric 
method. 
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Estimation of squalene in the presence of lipids 


Removal of interfering substances by chromatography 


The colorimetric and iodometric methods are both non- 
specific and can only be applied either to pure squalene, or at 
best to the hydrocarbon fraction isolated from a lipid, pro- 
vided that other unsaturated hydrocarbons are known to be 
absent from the material. Removalof interfering substances 
is best achieved by chromatography on alumina after first 
saponifying the lipid. Chromatography without preliminary 
saponification fails to remove interfering substances. The 
conditions of chromatography were therefore investigated. 

The effect of the activity of the Al,O, on completeness of 
separation of squalene from its oxidation products and from 
saturated aliphatic alcohols was first studied using 10 cm. 
(15 g.) columns of Al,O, and 0-5-1-0 g. materials. It was 
found that, when light petroleum is used as eluant, squalene is 
separated completely from other substances (except hydro- 
carbons) on grade II Al,O ,(Brockmann & Schodder, 1941); 
with grade III Al,O, it is separated completely from oxida- 
tion products and almost completely from aliphatic 
alcohols (the first 50 ml. eluate contains practically pure 
hydrocarbons), but with grade IV Al,O, no separation is 
obtained. Grade II Al,O, is much too active for use with 
small amounts of squalene (0-5 mg.), but grade III is 
sufficiently active to remove both oxidation products and 
aliphatic aleohols when analysing small amounts of lipid. 

The effect of the length of the column was also studied. 
Shorter columns (5 em.; 5 g. Al,O3) were satisfactory in all 
respects and there was no advantage in using a longer 
column. When small amounts of squalene (0-5 mg.) are used 
on these columns, recovery is almost complete in 25 ml. 
eluate, and complete in 50 ml. 


Losses on saponification and extraction 


Extraction of squalene from the saponification mixture 
with light petroleum was first studied. It was initially 
planned to use the saponification method of ToSi¢ & Moore 
(1945) and extraction was studied under these conditions. 
From a mixture of pyrogallol (2 ml. of 1% solution in 
ethanol), KOH (0-1 ml. of 20%) and squalene (0-5 mg.) after 
addition of 2 ml. water, three extractions with 5 ml. portions 
of light petroleum gave a recovery of only 92% but better 
recovery (96%) was obtained by using three portions of 
10 ml. Negligible recovery (8%) was obtained if the ex- 
traction was carried out in the presence of soaps at pH 9 
(5 mg. oleic acid added before extraction), but good re- 
covery (87%) was obtained if the mixture was acidified 
with HCl before extraction. It was therefore necessary to 
acidify the saponification mixture before extraction; the 
fatty acids which also were extracted were removed com- 
pletely at the chromatographic stage of the analysis. 

If the saponification mixture plus squalene was heated on 
a water bath before extraction, recovery of 82% was ob- 
tained; but when the saponification was carried out in the 
presence of a small amount of lipid (5 mg. neat’s foot oil) 
recovery was 86 %. Finally, saponification was studied with 
squalene added to sebum. When the ToSié & Moore method 
was used recovery of only 66% added squalene was ob- 
tained; if the pyrogallol was omitted (i.e. 2 ml. ethanol only 
used), a recovery of 73% was obtained. If methanol was 
used in place of ethanol (Emmerie, 1940) recovery was 
greatly improved (88%). These last conditions of saponifi- 
cation were therefore used. 
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PROPOSED METHOD 


Reagents 


Light petroleum (boiling range 40-60°). This was purified 
by washing with conc. H,SO,, then thoroughly with water, 
drying with K,CO, and finally redistilling twice. The fraction 
boiling below 58° was collected; this was tested by evaporat- 
ing 50 ml. to dryness on a water bath; the residue was dis- 
solved in 5 ml. CCl, and the iodine no. determined as de- 
scribed below. The petroleum is suitable for use only if there 
isno difference between the test and blank. 

Carbon tetrachloride. This was redistilled in all-glass 
apparatus. 

Squalene standard. A solution in hexane (0-5 mg./ml.). 
The squalene is first freed from oxidized material by 
chromatography on Al,O,. The solution keeps for about 
6 weeks. 

Pyridine dibromide reagent. The stock solution (0-1) is 
prepared by dissolving 8g. pyridine and 10g. H,SO, 
separately in 20 ml. portions of glacial acetic acid. The two 
solutions are mixed, and to the mixture a solution of 8 g. 
bromine in 20 ml. glacial acetic acid is added. The resulting 
solution is cooled and diluted to 11. with acetic acid. This 
stock solution is diluted to 0-04.N with acetic acid as needed 
for analysis. 

Potassium iodide. Aqueous solution, 3% (w/v), prepared 
freshly at least once a week. 

0-005 n-Sodiwm thiosulphate. Prepared freshly as required. 

Other reagents. Methanol, 10N-HCl, 20% (w/v) aqueous 
KOH, 1 % (w/v) aqueous starch solution (indicator). 

Alumina, Brockmann grade III. Activated Al,O, 
(Savory & Moore Ltd., London) is weakened by carefully 
spraying with water while thoroughly mixing. When 
tested by Brockmann’s method (for concise description see 
Williams, 1946) there should be a clear-cut separation of 
Sudan yellow and Sudan red, but no trace of Sudan yellow 
should appear in the eiuate. The Al,O, should be further 
tested by performing a recovery experiment with the 
standard squalene solution. It is suitable if a recovery of 
more than 96 % is obtained. 


Apparatus 


Chromatogram tubes 1-1-2 x 30 cm., plain tubes plugged 
with cotton wool. Stoppered test tubes (50 mm. long) with 
ground-glass necks (B14). 100ml. flat-bottomed flasks 
(B19 necks with stoppers). 


Squalene (mg.) 


SQUALENE IN SEBUM 


Table 1. Recoveries of squalene added to sebum 
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Procedure 


Saponification. The sample (about 5 mg.), usually in 
CHCl, solution, is introduced into a stoppered test tube; the 
solvent is evaporated ina stream of N,. The sample is 
then dissolved in 2 ml. methanol, 0-1 ml. 20% KOH is 
added, the tube stoppered and placed in a water bath at 
75° (+1°) for 10 min. Blank determinations should be set 
up at the same time. At the end of the saponification period 
the tubes are cooled to room temperature. 

Extraction. The contents of the tubes are diluted with 
water (2 ml.) acidified with 10N-HCl (0-2 ml.) and then 
shaken with 10 ml. light petroleum. The mixture is allowed 
to separate and the petroleum layer transferred to a flask by 
means of a teated pipette. The extraction is repeated twice 
more with further 10 ml. portions of petroleum and after the 
third extraction the tube is washed with a further 5 ml. petro- 
leum and this washing added to the combined extract. The 
extract is then carefully evaporated to dryness on a water 
bath, the last traces being removed by means of a stream 
of N,. The residue is then dissolved in 10 ml. of petroleum. 

Chromatography. The column is packed immediately 
before use in the following manner. The end is fitted with 
a small plug of cotton wool, a suspension is made of about 
5 g. Al,O, (enough to give a 5 cm. column) in petroleum, and 
this is poured into the chromatogram tube and allowed to 
settle. When all the petroleum has drained through the 
column the petroleum extract is poured on to the column and 
the eluate collected in a second flask. The extract flask and 
column are washed with two 10 ml. portions of petroleum 
and finally with 20ml., each being added to the column after 
the preceding washing has just drained through. The 
petroleum eluate (50 ml.) is then evaporated to dryness on 
a water bath, the last traces being removed by means of 
a stream of N,. The residue is then dissolved in 5 ml. of CCl,. 

Iodometric estimation. To the CCl, solution is added 1 ml. 
0-04N-pyridine dibromide reagent; the solution is mixed 
and the flask stoppered and allowed to stand for 15 min. 
1 ml. 3% KT is then added and the liberated iodine titrated 
with 0-005N-Na,S,0,. The amount of squalene in the 
sample can be calculated on the basis that 1 ml. 0-005N- 
Na,S,0,= 0-171 mg. squalene. 


RESULTS 
Recovery experiments were performed in which 


varied amounts of squalene were added to samples 
of sebum of about 5 mg. The results (Table 1) 





Additional squalene 
recovered 








Sebum ~ 


(mg.) Present Added Found (mg.) (%) 
5-04 0-377 0-142 0-480 0-103 73 
6-64 0-247 0-165 0-370 0-123 75 
4-25 0-257 0-167 0-375 0-118 71 
4-76 0-277 0-222 0-477 0-200 90 
2-93 0-256 0-234 0-475 0-219 94 
6-30 0-207 0-258 0-431 0-224 87 
4-25 0-257 0-318 0-476 0-219 74 
6-64 0-247 0-327 0-492 0-255 75 
4-76 0-277 0-390 0-576 0-299 77 
2-93 0-256 0-450 0-614 0-358 80 
6-30 0-207 0-471 0-621 0-414 88 





Average 
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showed that an average recovery of 80% was 
obtained under these conditions of analysis. Deter- 
minations were also performed of the squalene 
content of human sebum, obtained from the forearm 
by the method of MacKenna e¢ al. (1950) and from 
the back by the swab method (cf. Rothman, 1950; 
carbon tetrachloride was used in place of ether), ear 
wax and ovarian dermoid cyst lipid. The results are 
shown in Table 2. 


Table 2. Squalene content of sebum 
and other materials 
Squalene (%) 

No. of }=§(———*— ~ 

samples Range Average 
Sebum (forearm) 8 3-3— 8-7 
Sebum (back) 18 5-4-11-7 8-4 
Ear wax 7 1-1-12-0 3-9 
Dermoid cyst lipid 2 3-7, 10-2 — 


Substance 


The method therefore appears to be satisfactory 
when applied to human sebum and similar materials 
known to contain squalene. It will doubtless find 
application to other tissue lipids, but it must be 
stressed that the presence of squalene in the material 
must first be established by chemical isolation 
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before the method is applied, and that other un- 
saturated hydrocarbons must be shown to be 
absent. 

SUMMARY 

1. A method of estimating unsaturated hydro- 
carbons is described which is applicable to small 
amounts (5 mg.) of sebum and similar materials, 
and which gives an average recovery of 80% of 
added squalene. After saponification, a hydro- 
carbon fraction is isolated chromatographically and 
the unsaturated material therein is determined 
iodometrically. 

2. The method may be used for the determina- 
tion of squalene in sebum and other lipids provided 
that the presence of squalene is first established and 
that no other unsaturated hydrocarbons are present. 

3. Data on the Liebermann-Burchard reaction of 
squalene are recorded. 

The author wishes to thank Dr R. M. B. MacKenna and 
Prof. A. Wormall for their interest and advice in this work, 
Dr I. S. Hodgson-Jones for collecting certain of the sebum 
samples, and Dr Magnus Haines for supplying the dermoid 
cyst lipids. He also wishes to thank the Ear, Nose and 
Throat Department of this hospital for collecting the ear- 
wax specimens, and the British Rubber Producers’ Associa- 
tion for generous supplies of very pure squalene. 
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A Note on the Influence of Energy Intake on Phospholipid Metabolism 


By T. W. WIKRAMANAYAKE,* H. N. MUNRO, D. J. NAISMITH 
AnD W. C. HUTCHISON 
Biochemistry Department, The University, Glasgow 


(Received 8 April 1953) 


In a previous series of experiments (Munro, 
Naismith & Wikramanayake, 1953), it was ob- 
served that the amount of ribonucleic acid in the 
liver was largely determined by the amount of liver 
protein, but that the rate of synthesis of ribonucleic 
acid, as judged by **P uptake, was determined by 

* Present address: Faculty of Medicine, University of 
Ceylon, Colombo. 


energy intake. Campbell & Kosterlitz (1948, 1952) 
have demonstrated certain similarities between the 
metabolism of ribonucleic acid and phospholipid 
when rats are transferred from a protein-containing 
diet to a protein-free diet. In view of our findings 
with ribonucleic acid it was accordingly thought of 
interest to examine the influence of energy intake on 
phospholipid metabolism in the liver. 
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METHODS 


Energy intake and the quantity of phospholipid in the liver. 
Young adult rats were studied at different energy levels on 
diets either containing protein or free from protein. These 
were the same animals employed in investigating the re- 
lationship of protein metabolism and ribonucleic acid meta- 
bolism to energy intake (Munro & Naismith, 1953; Munro 
eal. 1953). Full details of the selection of animals, the diets 
used and the methods of liver analysis employed are given in 
the first of these papers. 

Energy intake and the uptake of **P by liver phospholipids. 
Rats having an initial body weight close to 180 g. were used. 
Variations in energy intake were produced by altering the 
amount of carbohydrate in protein-containing or protein- 
free diets. The rats were killed under ether anaesthesia at 2, 
5or 8 hr. after injection of **P (10 uc inorganic phosphate/ 
100 g. body weight). The livers were briefly perfused with 
09% (w/v) NaCl, disintegrated in 9 vol. ice-cold water, and 
trichloroacetic acid added to give a final concentration of 10% 
(w/v). After two washings with 10 % trichloroacetic acid the 
precipitate was successively extracted with 20 ml. portions 
of cold absolute ethanol, ethanol: CHCl, (3: 1) and twice with 
ethanol: ether (3:1), extraction with the last two solvents 
being carried out at 65-70° in a water bath for 10 min. 
Finally, the precipitate was extracted with ether. The 
phosphorus content of the combined extracts was measured 
by the Allen (1940) method, and the radioactivity of the 
final blue solution estimated in a liquid counter (Veall, 
1948). The method of extracting phospholipids is essentially 
that used by Campbell & Kosterlitz (1952), with the addition 
of ethanol: CHCl, as one of the solvents. The efficiency of our 
procedure is indicated by the finding that further treatment 
of the precipitate with a mixture of CHCI,, ethanol and 
ether (1:3:1) for 10 min. at 60° removed only traces of 
phosphorus. 

In order to purify the extract further for radioactivity 
determinations, the crude lipid extract was first evaporated 
to dryness at room temperature and then the residue was 
taken up in light petroleum. This was washed once with 
0-05n-HCl and three times with water (Popjak & Muir, 
1950). After it had been found that this purification pro- 
cedure altered the specific activity of the lipid phosphorus by 
only 0-5%, it was abandoned as a routine procedure. 


Table 1. 


ENERGY INTAKE AND PHOSPHOLIPID METABOLISM 
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Presumably the initial washings with trichloroacetic acid 
had successfully removed radioactive contaminants which 
might otherwise have found their way into the lipid extracts. 

The specific activity of the inorganic phosphate of the 
liver was obtained from the trichloroacetic acid-soluble 
fraction by precipitation as Mg(NH,)PO, (Davidson, 
Frazer & Hutchison, 1951), and also by immediate extrac- 
tion with isobutanol (Ennor & Stocken, 1950). In con- 
trast to the findings of Ennor & Rosenberg (1952), the 
Mg(NH,)PO, procedure did not give higher specific activi- 
ties, presumably because no carrier phosphate was used. 

The results have been expressed as relative specific 
activities (specific activity of lipid P divided by specific 
activity of liver inorganic phosphate and multiplied by 
100), and ‘as ‘total relative activities’ (the amount of 
phospholipid P per liver multiplied by its relative specific 
activity, Campbell, Olley & Blewett, 1949). 


RESULTS 


Energy intake and the quantity of 
phospholipid in the liver 

When the diet provided adequate amounts of 
protein, the quantity of phospholipid in the liver 
varied considerably with energy intake (Fig. 1). The 
regression coefficients were + 2-51 mg. phospho- 
lipid phosphorus/1000 keal. in the case of additions 
of carbohydrate and + 2-57 mg./1000 keal. in the 
ease of fat, both being statistically highly sig- 
nificant (P<0-01). On the other hand, neither the 
addition of carbohydrate nor of fat significantly 
increased the amount of phospholipid per liver when 
the rats were receiving the protein-free diet 
(regression coefficients of +0-01 and +0-02 mg. 
P/1000 keal. respectively were obtained). Since 
these first four experiments were not carried out at 
the same time, a further study was performed in 
which groups of rats on protein-containing and on 
protein-free diets were studied simultaneously. 
These confirmed that increments in energy intake 
from carbohydrate only raise liver phospholipid 
content when the diet contains protein (Table 1). 


The influence of variations in energy intake (carbohydrate) on the amount of phospholipid in the liver 


at different levels of protein intake, and the relationship of these changes to alterations in the amount of 


protein and ribonucleic acid in the liver 


(Expt. 5. Seven rats per group.) 


Daily Phospholipid Ribonucleic Ribonucleic 
energy Phospholipid P/100 mg. acid P/100 mg. acid P/100 mg. 
intake P/liver protein N protein N phospholipid P 
Diet (keal./sq.m.) (mg.) (mg.) (mg.) (mg.) 
Protein-containing 820 8-29 4-29 3°32 77-5 
1570 9-91 4-59 3-51 76-7 
Protein-free 880 6-80 4-76 3-64 76-7 
1650 6-45 4-86 4-06 83-7 
Statistical analysis* 
Protein level + + + + 
Energy level + + + + 
Interactiont + ~ + + 
* A‘ 4+’ sign indicates a probability of less than 0-01, and a ‘ —’ sign indicates a probability greater than 0-05. 


+ Significant interaction implies that a change in energy intake had a different effect at the two protein levels. 
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Although the response of liver phospholipid to 
changes in energy intake is influenced by the pro- 
tein content of the diet in much the same way as the 
responses of liver protein and ribonucleic acid are 
affected (Munro & Naismith, 1953; Munro e¢ al. 
1953) there are small differences, notably in the case 
of addition of carbohydrate to the protein-free diet, 
which tends to raise the amount of ribonucleic acid 
per liver slightly, whereas protein and phospho- 
lipid are unaffected or even slightly reduced in 
amount. This is confirmed by computing the re- 
lationships between the amounts of protein, ribo- 
nucleic acid and phospholipid (Table 1). 


Energy intake and uptake of **P 


Table 2 shows the amounts of *?P incorporated 
into liver phospholipid at 2, 5 and 8 hr. after in- 
jection of labelled phosphorus. The relative specific 
activity rose with increasing energy intake, and there 
was no significant difference in this respect between 
the protein-contaiming and protein-free diets. 
However, relative specific activity only expresses 
the amount of radioactivity/100 pg. P. When the 
relative specific activity is multiplied by the amount 
of phospholipid in the liver, we obtain a measure of 
the total number of phosphorus atoms incorporated 
into phospholipid per liver in a given time (‘total 
relative activity’). In the case of the protein- 
containing diet, the total rélative activity showed 
a 34% increase per 1000 keal. added to the diet, 
whereas there was no significant increment in the 
case of the protein-free diet. The large change in the 
protein-containing diet was due to a considerable 
increase in the amount of phospholipid per liver 
brought about by the augmented energy intake, as 
well as by the rise in relative specific activity. In the 
case of the protein-free diet, the increase in relative 
specific activity was offset by a diminution in the 
total amount of phospholipid as energy intake was 
raised. 


DISCUSSION 


In agreement with previous authors (Kosterlitz, 
1947; Thomson, Heagy, Hutchison & Davidson, 
1953), the administration of a protein-free diet was 
observed to reduce the amount of phospholipid in 
the liver. In addition, the amount rose in response 
to increments in energy intake when the diet 
provided an adequate amount of protein, but failed 
to do so when the diet was devoid of protein (Fig. 1; 
Tables 1 and 2). The dietary level of protein also 
affects the response of liver protein and ribonucleic 
acid to changes in energy intake (Munro & Naismith, 
1953; Munro e¢ al. 1953). There are, however, small 
differences in the responses of these liver consti- 
tuents to dietary conditions which result in changes 
in the ratio of one constituent to another as the 
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dietary protein and energy levels are varied 
(Table 1). The change observed in the ribonucleic 
acid/protein ratio is in agreement with the findings 
of Campbell & Kosterlitz (1950), but these authors 
found no change in the ratio of phospholipid to 
protein when protein intake was varied. 


mg.-phospholipid P/liver 


6 


800 1000 1800 


1200 1400 1600 


kcal./sq.m./day 


Fig. 1. Changes in the amount of phospholipid in the liver 
produced by varying energy intake from carbohydrate 
(@—@) or from fat (O---O). The upper two regression 
lines were obtained with diets containing protein, the 
lower two with protein-free diets. Each point is the mean 
of observations on four or five rats. 


The influence of energy intake on the total amount 
of 32P incorporated into liver phospholipid in a given 
time (total relative activity) was also found to 
depend on the level of protein in the diet (Table 2). 
In the case of the protein-containing diet there was 
an increase in the total amount incorporated per 
liver as energy intake rose, but in the case of the 
protein-free diet increments in energy intake had no 
significant action. In this respect the incorporation 
of *P into liver phospholipids differs from its in- 
corporation into liver ribonucleic acid, the latter 
being dependent on level of energy intake irre- 
spective of the amount of protein in the diet 
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Table 2. The effect of variations in energy intake on the incorporation of **P into the phospholipids of the liver 


(Three rats per observation. The changes in relative specific activity and in total relative activity brought about by 
increasing the intake of energy have been given as the change per 1000 kcal. added to the diet. In each case, the change 
has been expressed as a percentage of the activity corresponding to 1200 keal./sq.m. body surface area.) 


Time Daily 
after *2P energy Phospholipid 
: injection intake P/liver Relative specific Total 
Diet (hr.) (keal./sq.m.) (mg.) activity relative activity 
Protein-containing 2 789 6-61 14-4) , 0-95) ‘ 

1656 8-23 15-65 +10% 1.28} +35% 

5 781 7-60 32-0) .. 2-41) 
1671 7-92 40-2} +26% 3-18} +32% 

8 779 5-88 56-5) er 3-31 * 
1659 7-49 60-45 + 8% 452} +34% 

Mean 783 6-70 +15% +34% 
1662 7-88 

Protein-free 2 802 4-86 15-0) 413% 0-74) _ 6% 

1767 4-07 17-2} 70 0-70! 40 

5 827 4-74 45-0). 940 2-10) 
1831 4-01 56-7} + 74% 2-26) + 7% 

8 819 4-06 67-9) 2-79 | 
1803 4-05 80-75 + 18% 3-27 | +17% 

Mean 816 4-55 +18% + 6% 
1800 4-04 q 


Statistical analysis shows that increments in energy intake produced highly significant increases in relative specific 
activity (P<0-01) on both the protein-containing and protein-free diets; the effect was similar on both diets (P>0-05). 
A highly significant change in total relative activity occurred with addition of energy to the protein-containing diet 
(P<0-01) but not in the case of the protein-free diet (P >0-05). This difference in the effect of energy intake on the two 


diets was highly significant (P<0-01). 


(Munro et al. 1953). Campbell & Kosterlitz (1948, 
1952) have also noted a difference in the effect of 
protein deprivation on the rates of synthesis of 
phospholipid and ribonucleic acid by the liver. Rats 
fed a protein-free diet showed an immediate loss of 
phospholipid and ribonucleic acid accompanied at 
first by a compensatory increase in turnover of the 
remainder, with the result that there was the same 
total amount synthesized per liver on the protein- 
free diet as on a protein-containing diet. They con- 
cluded that the total turnover of the liver phospho- 
lipids and ribonucleic acid was determined by the 
metabolic needs of the liver and was independent of 
the amount of each present. In the case of ribo- 
nucleic acid this rate of synthesis was maintained 
over a prolonged period of protein deficiency, but 
after a few days the rate of phospholipid synthesis 
declined. Campbell & Kosterlitz (1952) ascribe this 
to a reduction in metabolic rate, which does not, 
however, explain why the rate of incorporation into 
ribonucleic acid continued to be maintained at the 
same level throughout the period of protein de- 
ficiency. It seems more likely that the feeding of 
a protein-free diet eventually reduces the concen- 
tration of some essential component in phospho- 
lipid synthesis to such an extent that it becomes the 
limiting factor in the rate of synthesis. This would 


explain why the addition of energy to a protein- 
free diet fails to stimulate a greater total turnover of 
phospholipid. The limiting factor is not likely to 
be choline, since the diets used in our isotope 
incorporation experiments provided 40mg. of 
choline/rat/day. 

A similar explanation has been advanced by us to 
account for the observation that energy intake 
influences the protein metabolism of rats receiving 
protein-containing diets but not of rats receiving 
protein-free diets (Munro & Naismith, 1953). There 
appears to be no such factor limiting the response of 
ribonucleic acid metabolism to changes in energy 
level of a protein-free diet (Munro e¢ al. 1953). We 
have recently demonstrated that the stimulation of 
ribonucleic acid synthesis produced by raising 
energy intake can be prevented by increasing 
energy expenditure to a corresponding extent 
(Munro, Naismith & Wikramanayake, unpublished 
results). It is thus not the high energy intake itself 
but the accompanying increase in energy-yielding 
nutrients in the tissues which stimulates ribonucleic 
acid synthesis. A similar conclusion has been drawn 
regarding the relationship between dietary energy 
intake and protein metabolism (Munro, 1951). 

As a hypothesis consistent with our observations 
on the metabolism of phospholipid, protein and 

41-2 
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ribonucleic acid in the liver, we may picture the 
amount of energy available as the factor determin- 
ing their rates of synthesis, provided no other 
component in the synthetic mechanism limits the 
response to a change in available energy. 


Amino acids ——> Protéins 


ecursors —7—> Ribonucleic acid 


PP agi Pr 
energy ie eatineacaaaee 


eases Phospholipids 


Such a relationship is capable of explaining the 
findings of Campbell & Kosterlitz (1949) that the 
total turnover of ribonucleic acid and phospholipid 
in the liver of the rat increases during pregnancy, 
since, in the rat, energy intake exceeds require- 
ments during pregnancy (Morrison, private com- 
munication), and on the above hypothesis this 
would be expected to lead to such a change in 
the rates of synthesis of ribonucleic acid and 
phospholipid. 
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SUMMARY 


1. A study has been made of the effect of varia- 
tions in energy intake on the amount of phospho. 
lipid in the rat liver and its uptake of labelled 
phosphorus. 

2. When the diet provided an adequate supply of 
protein, the amount of phospholipid in the liver rose 
in response to increments in energy intake, whereas 
it failed to do so when the diet was devoid of protein. 

3. The total turnover rate of phospholipid was 
influenced by energy intake only when the diet con- 
tained protein. It is suggested that the rate of 
phospholipid synthesis on protein-free diets is un- 
affected by energy intake within the range studied 
because some other component in synthesis is 
reduced to a level at which it becomes the factor 
determining the rate of synthesis. 

4. The relationship of energy balance to the rates 
of synthesis of protein, phospholipid and ribonucleic 
acid is discussed. 


We wish to acknowledge gratefully a grant for expenses 
made to one of us (H. N. M.) by the Medical Research Council. 
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Sedimentation Coefficients of Small Molecules: Methods of 
Measurement Based on the Refractive-Index Gradient Curve. 
The Sedimentation Coefficient of Polyglucose A 


By R. L. BALDWIN 
Department of Biochemistry, University of Oxford 


(Received 28 March 1953) 


Svedberg & Pedersen (1940, p. 283) and Gutfreund & 
Ogston (1949) have proposed methods for measuring 
the sedimentation coefficient,* s, when a substance 
sediments too slowly for s to be measured in the 
usual way, from the movement of the maximum 

* The term ‘sedimentation coefficient’ instead of ‘sedi- 
mentation constant’ has been introduced to indicate that it 
is not a constant except under specified conditions. 


gradient of refractive index. In the case of slowly- 
sedimenting molecules, the boundary remains 
sufficiently close to the meniscus that the shape of 
the boundary curves must be predicted for the case 
of restricted rather than free diffusion. Boundary 
curves like those of Fig. 2 result, in which the 
maximum gradient of réfractive index may remain 
at the meniscus throughout the centrifuge run. 
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Both the methods of Svedberg & Pedersen and 
Gutfreund & Ogston are suitable for use with 
boundary curves given in the form of concentration, 
or some quantity proportional to concentration 
against distance in the cell. The purpose of this paper 
is to compare these methods and to show how they 
may be simplified for use with boundary curves in 
the form of refractive index gradient against distance 
in the cell. 


Ly & x x 
Fig. 1. Representative graph of concentration against 
distance in the cell. (i) The initial uniform concentration is 
Cy; at time ¢ it becomes c, e-2%*t or c, (cf. Svedberg & 
Pedersen, 1940, p. 7). (ii) The origin for the x axis is the 
centre of rotation. (iii) x) is the meniscus. (iv) x, marks 
the position of ‘the infinitely sharp boundary’: 2 e*t 
(Svedberg & Pedersen, 1940, p. 18). (v) X is a reference 
plane in ‘the constant part of the cell’ where de/dz=0 
and the concentration is c,. (vi) The area of a plane at x 
is kx, since the cell is a truncated wedge whose two non- 
parallel sides would converge at the centre of rotation. 


THEORY 


The derivation of Gutfreund & Ogston rests on a 
statement of the conservation of mass. Using their 
symbols, explained in Fig. 1, the amount of material 
between X and 2, before sedimentation starts 
(tke,(X2—2%)) is equated to the amount remaining 


Z 
at time ¢ (| kerdr) plus the amount which has 
“9 


t 
sedimented past X ({ Jat), where Jy is the 
0 


transfer in unit time of material past X ; writing J 
as concentration times area times velocity gives 


t 
| ckX sw?X dt = }ke, X2(1—e-***) 
0 
x 
$ke,(X?2 — 27) =| kexa da + tke, X?2(1— e72sw*t) 
7 
(1) 
It is important to notice that s appears in 
equation (1) only as the sedimentation rate in the 
constant part of the cell. Thus the sedimentation 
coefficient, unlike a measured diffusion coefficient, 
refers to one definite concentration. In general the 
sedimentation coefficient depends on the concentra- 
tion and it might be thought that, since s is measured 
from the boundary curves, it would correspond to 
some concentration within the boundary. However, 
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when s is measured by this or any corresponding 
equation, the derivation above shows that the con- 
centration to which it refers is that of the constant 
part of the cell. Because of the sector-shaped cell 
and changing field strength, this concentration 
slowly decreases with time (c,;=c,e-***"'). When the 
substance is heterogeneous, the use of equation (1) 
gives a weight-average sedimentation coefficient 
which is slightly time-dependent, because of the 
dilution effect mentioned above (see Kinell, 1947). 
In a system such as insulin, where interacting com- 
ponents are present, the constituent sedimentation 
coefficient (cf. Svedberg & Pedersen, 1940, p. 28) is 
obtained. 

The form of equation (1) obtained by Gutfreund & 
Ogston (1949) is inconvenient for use with the optical 
systems now generally employed, for example the 
Lamm scale method (Svedberg & Pedersen, 1940, 
p- 254), the Philpot schlieren system (Philpot, 1938), 
and their variants, because of the time-consuming 
numerical integration required, although it would 
be well-suited to the light absorption (Svedberg & 
Pedersen, 1940, p. 240) or the integral fringe inter- 
ferometric systems (Philpot & Cook; 1948). 

This difficulty can be overcome by integrating the 
expression for the amount remaining between X 
and x, by parts 

~. 8 
(«nis becomes $ke, X?— $ke,, 9 — ie | x 7 a) ‘ 
Zo " 
The equation stating the conservation of mass can 
now be written as 


ke,(X? — 2x?) = ke, X2(1 —e-*"t) + dhe, X? 


1 oul sa ‘0 
— tke, x—sk | x? —dz. (2) 


— dz 
This equation can be simplified by replacing c,, 


' * de ’ 
by (coe-to"— [ 7 a) and remembering that 


2, ae 


—- ,—238w"*t ° 
Cyr =—CQ e : 


al gh Ge = 00 
Colo =XMICge =” ‘| —dzrj+ x?— dz. (3) 
a» Ax a (ae 


It is convenient, for the purpose of calculation, to 


l : — lx by 
p p x*§ — dz 
replace b ro 


- de = de 
(a —ay)? — dx+2a,| (x—2,) — da 
= dx - da 
0 0 » 
.(* de 
+x} — da. 
z, Ax 
Solving for s, after making this substitution, gives 
2sw*t = de 
~ = logy) {1— x —X_)* —dx 
2-303 S10 ([f ( 0) a 
x 


+ 2re| (a —a%9) = as | |eusi)} . (4 
_ da 
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This equation can be used directly and simply for 
the calculation of s. As long as the refractive-index 
increment is directly proportional to the concentra- 
tion, dce/dx can be replaced by dn/dz, the refractive 
index gradient, and c, by An, the difference in 
refractive index between the solvent and the original 
solution. 

No formal derivation is given by Svedberg & 
Pedersen, although measurements of s by their 
method have been reported by Pedersen & Li (1950). 
Their procedure for calculating s (Svedberg & 
Pedersen, 1940, p. 283) is equivalent to the following 
equation: 


x 
| cdx=c,(X —2p), (5) 


where 2,=2, e*', the position that the boundary 
would have if it were infinitely sharp. Integrating 
by parts once more and rearranging gives a form 
more suitable for use with refractive-index gradient 


curves 
x de 
*—2x,) — ds 
i} (x — 2%) ae x 


By eg : : (6) 
t 


If the boundary gradient curve is symmetrical, the 
first moment (given by the right-hand side of 
equation (6)) coincides with the centre of the 
boundary; this is the justification for the usual 
practice of measuring s from the rate of movement 
of the maximum gradient of refractive index. 

A disadvantage of equation (6) for measuring s, as 
compared to (4), is that a preliminary estimate of s is 
needed in order to find c,;, since c,=c,e-**“*t, and 
X»— 2X», from which s is computed. The condition on 
the provisional value, s’, for obtaining s with an 
accuracy of 1%, is that 2w*t | s—s’ | <0-01, where 
t is the time of the final photograph. Since this time 
depends upon the rate at which the boundary 
spreads as well as upon s, it is not possible to 
make a more specific statement of the allowable 
error in |s—s’|. For the experiments reported 
here, wt did not exceed 2-5x10"sec.-! and a 

s—s’| value of 0-2s would have caused an error 
of 1% ins. 

Equations (5) and (6), derived from the procedure 
of Svedberg & Pedersen, are not consistent with the 
equation derived by Goldberg (1953). He has found 
that x, is given by the square root of the second 
moment of the gradient curve (taking the centre of 
rotation as the origin for this moment) rather than 
the first moment specified by equation (6). His 
equation agrees with that previously derived by 
Gutfreund & Ogston. The error in using the first 
moment, rather than the square root of the second, 
is very small; in usual cases this error is about 
0-2 % and it would rarely exceed 0-5 %. 


R. L. BALDWIN 
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MEASUREMENTS AND CALCULATIONS 






The only special quantities required for the measurement of 
8 by these methods are 






x d x 
An, | (a — Xp)? = dx and [. (x — 2p) = dx 


7o 





for equation (4) and, for equation (6), 
x 






An e-*80*t and [ (x — 2%) = dx. 
x 


J 2% 





An may be calculated from the concentration when the 
specific refractive increment is known or, preferably, may 
be measured directly by a differential refractometer. When 
the constants of the optical system are known the schlieren 
photographs may be converted directly into graphs of 
dn/dx versus x (cf. Cecil & Ogston, 1948; Svedberg & Peder- 
sen, 1940, p. 259). The theoretical uncertainty in this 
procedure is roughly equal to the precision of measurement 
(ef. Adler & Blanchard, 1949). Corresponding base-lines 
must be obtained from centrifuge runs with buffer only. 

The integrals, or moments, listed above are found by 
numerical integration: values of dn/dz—about fifteen in 
number—are taken at a constant interval, Ax, throughout 
the boundary and the sums 











dn a (dn 
ade (a, ee) (=), and fet (x; —2%p) (=), 





are then computed. This procedure, which is equivalent to 
replacing the definite integral by a set of trapezoids, in- 
troduces an uncertainty of less than 1 % into the value for 
these integrals. With the use of a modern calculating 
machine these two sums may be computed simultaneously; 
this takes about half-an-hour for a series of six or eight 
photographs. The most time-consuming step in calculating 
8 by these methodsis measuring the values of dn/dz against z. 

If the speed and temperature vary during the centrifuge 


2sw? 

















t 
un, 3-303 should be replaced, in equation (3), by 
28, $ 
<a deat: 
2-303 J onr 


this integral is easily evaluated by trapezoidal integration. 








t 
So is then found from the slope of the plot | 728 dt against 


07r 
the right-hand side of equation (3). The values in Table 1 
were obtained by the method of least squares. This allows 
one to estimate the standard deviation of the measurement 
as well as giving the best estimate for s (cf. Mather, 1943, 
p. 115). When equation (5) is used, Sy) can be found from the 
slope of the plot suggested by Cecil & Ogston (1948) or from 
the plot of 








Xp * N20 
2-303 logy) — versus | —wdf; 
%% 077 






the former is preferable when there is any leakage from the 
cell. 






EXPERIMENTAL 


The synthetic polyglucose used for these sedimentation 
studies was prepared by Dr P. W. Kent. Its preparation and 
properties have recently been described (Kent, 1953). The 
procedure for the centrifuge runs was that of Cecil & Ogston 
(1948). A layer of liquid paraffin was used to seal the cell 
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and prevent evaporation. The speed of rotation was 
1000 rev./sec.; it was measured by an apparatus counting 
the revolutions of the rotor, designed and built by Dr R. 
Cecil, which gives the mean speed with an accuracy of 
0-01 %. 

The edge-schlieren system has been replaced by a bar- 
schlieren system (cf. Fig. 2) in order to improve the precision 
of measuring dv/dx values. The bar-schlieren system used 





Fig. 2. Schlieren photographs showing the sedimentation 
of polyglucose A at concentration 1-40% (w/v). Each 
photograph represents a graph of refractive-index 
gradient versus distance in the cell. The fine vertical line 
near the right-hand side of each picture represents the 
meniscus between liquid paraffin and polyglucose solu- 
tion. The time between photographs was 10 min., the 
speed of rotation 1000 rev./sec. The bar angle was 14-5 
for the first four pictures and 18-5° for the last two. 
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differs from that described by Kegeles & Gutter (1951) in 
minimizing, rather than emphasizing, the effects of diffrac- 
tion at the bar; a relatively narrow bar (0-5 mm.) and wide 
horizontal source slit (0-5-2-0 mm., depending upon the 
bar angle) are used. The bar-schlieren system has an 
advantage over the corresponding slit system in that sharp- 
ness of the schlieren diagrams increases with exposure time. 
A two-way travelling microscope, aligned parallel with the 
meniscus trace, was used to measure the photographic 
plates; the reproducibility of the maximum dn/dz values is 
+1% for this range of concentration. 

Reference base-lines were obtained from a run using the 
same cell but containing only solvent, 0-1 M-NaCl. The shape 
of the base-line, at a given time, speed and bar angle, was 
assumed to be the same in the reference run and in the run 
containing solute or ‘solution run’. The effect, discussed by 
Cecil & Ogston (1948), of the change in refractive index 
across the boundary is not sufficiently large that it has to be 
taken into account. The position of the base-line was found 
by superimposing a schlieren photograph from the reference 
run on to the corresponding one from the solution run, in 
the constant part of the cell. 

Bulging of the cell at high speed causes material to be 
trapped in the bottom and it is often necessary to wash this 
out in order to obtain corresponding base-lines from one run 
to the next. The cell is refilled after a centrifuge run with 
water and a small amount of CCl,, and the centrifuge is then 
taken back up to full speed. The CCl, displaces any solution 
from the preceding run caught in the bottom of the cell; any 
CCl, similarly trapped is easily removed by evaporation. 

The constants of the optical system have been redeter- 
mined and agree with previous values (Cecil & Ogston, 
1948); given An it is possible to calculate the area under 
a resolved schlieren peak with an uncertainty of less than 
1%. An was measured with the differential refractometer 
described by Cecil & Ogston (1951), which now has a one- 
slit diffraction pattern in place of the two-slit interference 
pattern formerly used to measure the deflexions. 

The correction for the rotor thermocouple has been re- 
determined by the procedure of Cecil & Ogston (1948), from 
several centrifuge runs with diphenyl ether. This correction 
is considered to be accurate within +0-2°. 

These centrifuge runs must be continued for long periods 
of time in order to obtain steady-state readings; one lasted 
more than 13 hr. It was found necessary to reject readings 
unless all variables (thermocouple readings, depth of liquid 
diphenyl ether, rotor speed and turbine oil pressure) were 
constant for more than 30 min. Of these, constant position 
of the dipheny] ether meniscus is particularly important. 


DISCUSSION 
Sedimentation behaviour of polyglucose A 


The sedimentation coefficient of polyglucose A does 
not show a measurable dependence on concentration 
in the range studied (see Table 1). However, the 
accuracy of measuring s by these methods, com- 
pared with that of finding the centre of asymmetrical 
boundary, decreases rather rapidly with decreasing 
concentration because the accuracy of measuring 
dn/dx values depends upon their magnitude and 
consequently upon the total concentration. 
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Table 1. Variation of sedimentation coefficient (in 
Svedberg units) with concentration of polyglucose A 


((a) Obtained by using equation (4). (b) Obtained by 
using equation (6). (c) Average of (a) and (b), corrected to 
the viscosity of water at 20° and also corrected for the 
difference in density of water and 0-1M-NaCl, assuming 
a partial specific volume of 0-62 for the polyglucose. The 
temperature of the centrifuge runs was 28°. The measure- 
ment of s in each case was based on six schlieren photo- 
graphs taken at 10 min. intervals.) 

c (a) (b) (c) 
(%- w/v) So9+S8.D. Soo, W 
1-40 0-800 + 0-018 0-82 
0-97 0-769 + 0-019 0-78 
0-61 0-783 +. 0-030 0-80 


So9+S.D. 


0-820 + 0-020 
0-774+0-019 
0-789 + 0-031 


It is not possible to say how homogeneous the 
polyglucose is from the sedimentation data because 
the theory for determining heterogeneity from the 
rate at which the boundary spreads with time 
(Williams, Baldwin, Saunders & Squire, 1952) 
applies only to the case when the boundary resolves 
rapidly from the meniscus. 


Comparison of results from equations (4) and (6) 

The two methods of calculating s give the same 
value for s, within the standard deviation of the 
measurement, and also the same value for the 
standard deviation (cf. Table 1). The standard 
deviations reported here are less than half, in pro- 
portion to the corresponding values for s, of those 
reported by Gutfreund & Ogston (1949). Pedersen 
& Li (1950) do not give this datum. The limiting 
source of error in measuring s by these methods is 
probably in establishing the base-lines. The use of 
a double cell, as suggested by Philpot & Cook (1948), 
would undoubtedly improve their accuracy. 


Use of these equations for other small molecules 


It is interesting to note that the values for sucrose 
(0-25S) and potassium chloride (0-34S) predicted, 
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for infinite dilution, from molecular weight, 
diffusion coefficient and partial specific volume (ef. 
Svedberg & Pedersen, 1940, p. 5) are in a range 
suitable for study by these methods. However, 
diffusion is so rapid that the constant part of the 
cell disappears after a comparatively short time 
and these methods are not applicable after that 
time. 

Kegeles (1952) and Pickels, Harrington & Schach- 
man (1952) have described ultracentrifuge cells 
which may be used to form boundaries between 
solvent and solution. The boundary is formed far 
enough away from the meniscus that the boundary 
shape is characteristic of free diffusion and the 
movement of the maximum gradient of refractive 
index may be used to measure s. This technique 
should have several advantages over the methods 
described here for the measurement of sedimenta- 
tion coefficients of small molecules. 


SUMMARY 


1. The methods of Svedberg & Pedersen (1940) 
and of Gutfreund & Ogston (1949) for calculating 
sedimentation coefficients of small molecules have 


been simplified for use with refractive-index 


gradient curves. A comparison of the two methods 


is presented. 

2. The average sedimentation coefficient of 
polyglucose A (Kent, 1953) from measurements at 
three concentrations, is 0-80 Svedberg units. No 
dependence upon concentration was observed in 
this concentration range. The standard deviation of 
each measurement was about 3%. 


I would like to thank Dr R. J. Goldberg for allowing me to 
see his manuscript before publication and to acknowledge 
the helpful advice and suggestions of Dr A. G. Ogston 
throughout the course of this work, which is part of a thesis 
to be presented for the degree of Doctor of Philosophy at the 
University of Oxford. 
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Ina previous structural study of stability constants 
of «-amino acid metal complexes (Perkins, 1952) the 
work was restricted to amino acids closely related to 
glycine. In this paper the work is extended to a wide 
range of «-amino acids to discover the effect of 
different functional groups. Most of the amino 
acids are closely related to «-alanine and norvaline. 
Albert (1952) has published stability constants for 
the complexes of a number of these amino acids 
with a selection of metal ions. In the present work 
only the metals beryllium, zinc, cadmium and 
mercury of group II of the periodic classification 
were used. 


EXPERIMENTAL 


Materials. The following a.R. salts were used in 0-01M 
solution: BeSO,, 4H,O; ZnSO,, 7H,O; 3CdSO,, 8H,0. 
Hg(NO,), was made up in 0-025mM-HNO, and excess acid 
back-titrated in the presence of the amino acid investigated. 

The amino acids were obtained from British Drug Houses 
Ltd. and Roche Products Ltd., except for 5-aminovaleric 
acid, for a sample of which I am indebted to Dr T. S. G. 
Jones and Dr §S. Wilkinson of the Wellcome Research 
Laboratories, Beckenham, Kent. All the amino acids were 
dried in vacuo at 100° for at least 48 hr., with the exception 
of cysteine hydrochloride, asparagine and glutamine which 
were dried in a vacuum over silica gel for 48 hr. The purity of 
each amino acid was checked by paper chromatography. 

Titrations. The ionization constants of each amino acid 
were determined by the potentiometric method of Albert 
(1950) in 0-01m aqueous solution, except for tyrosine and 
diiodotyrosine which were determined in 0-002 solution. 

Titrations in the presence of metallic ions were usually 
carried out in 0-01 M amino acid and 0-005 metal solution. 
The exceptions were tyrosine and diiodotyrosine, which 
were used in 0-002 solution, and cysteine and histidine, 
which were used in 0-0025 mM solution. 

Calculations. The two systems to be considered in caleu- 
lating the stability of each complex are: 

(2) M’*++amino acid=(complex 1)+, with dissociation 
constant = K,. 

(6) (complex 1)+ +amino acid=complex u, with dis- 
sociation constant = K,, where M?+ isa bivalent metal. The 
overall stability of the final complex, log K,, is given by 

log K,=log K,+log Ky. 

The calculation of log K, takes account of the proportion 
of amino acid in the form available for chelation at a parti- 
cular pH. This form of the amino acid is that in which the 
carboxyl group is ionized and the amino group un-ionized. 
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All values for log K, were calculated from the point at which 
one molecule of the amino acid was bound to the metal ion. 
At this point the following equation was used: 
log K,= —2 log [Sc], 

where [Sc] is the concentration of free amino acid available 
for chelation at this pH (Albert, 1950). The more critical 
method of calculating values for either log K, or log K, for 
each point of the titration curve was also used. The stability 
constants of the complexes of histidine were calculated by 
the method of Albert (1952), which takes into account the 
additional ionizing group. 


RESULTS AND DISCUSSION 


Table 1 shows the log K, values obtained in this 
study. The results are grouped according to the 
chemical structure of the amino acids, and the 
discussion deals in turn with the effect of each new 
grouping introduced into the structure of the parent 
amino acids. 

The effect of a B-hydroxyl group. The introduction 
of a B-hydroxy] group into the «-alanine structure 
has the effect of slightly decreasing the stability of 
the metal complexes (Table 1), but alteration of this 
hydroxy acid by the addition of either a methyl or 
phenyl group has no further effect. The B-hydroxyl 
group does not ionize, and it is not surprising there- 
fore that it has no appreciable effect on the metal 
complexes. 

The effect of aromatic substituents. This effect is 
shown diagrammatically in Fig. 1. The introduc- 
tion of an aromatic ring into the «-alanine structure 
produces a decrease in complex stability. Further 
substitution in the ring with a hydroxyl group in the 
para position produces an even more dramatic 
decrease in stability. Although another ionizing 
group has been introduced, this does not interfere 
with complex formation, in agreement with Albert’s 
(1952) findings. The introduction of a second 
hydroxyl group in the aromatic ring, as in 3:4- 
dihydroxyphenylalanine, produces a considerable 
increase in complex stabilities. A similar effect is 
observed with diiodotyrosine, in which two large 
electronegative atoms are attached to the benzene 
ring. In this compound the hydroxyl group has a 
pK of 5-32 but does not take part in chelation. 
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Table 1. Stability constants for complexes of a number of amino acids, grouped according to " 
variation in structure, with some metals of group II of the periodic classification 7 
e 
Ionization t 
constants of ¢ 
=—_—_—" log K, d 
Temp. NH, Other A ‘ 
Amino acid (°) group groups 
pL-«-Alanine 21-0 9-90 76 
DL-Serine 20-0 9-34 7-4 
pL-Threonine 20-0 9-12 7-2 a 
pL-8-Phenylserine 17-0 8-86 7-0 8 
DL-8-Phenylalanine 20-0 9-33 7:2 t 
DL-Tyrosine 20-0 9-23 6-4 
DL-3:4-Dihydroxyphenylalanine 20-0 9-03 79 ‘ 
DL-3:5-Diiodotyrosine 20-0 9-48 6-9 V 
DL-Ornithine, HBr 20-0 8°75 6-1 f 
L-Arginine 19-0 9-11 6-7 
L-Citrulline 20-0 9-69 73 
pt-Lysine 20-0 9-03 58 ( 
5-Aminovaleric acid 21-5 10-94 — I 
e-Aminocaproic acid 21-0 10-96 Nil ] 
DL-Aspartic acid 15-0 10-06 8-8 1 
DL-Asparagine 15-0 9-13 71 
pL-Glutamic acid 15-0 10-06 7-9 
L-Glutamine 15-0 9-34 7-4 ( 
{ 
pL-Tryptophan 20-0 9-57 7-0 { 
pL- Histidine 20-0 9-40 1-1 
Histamine, 2HCl 20-0 9-89 8-0 
pL-Cysteine 20-0 8-53 . 
pL-Methionine 18-0 9-31 “ ° j 
DL-«-Amino-n-butyric acid 15-0 9-62 
pL-Norvaline 19-0 9-87 
pL-Norleucine 18-0 9-92 
( 
* Insoluble complex formed. 
( 
: 


Alanine Phenyl- Tyrosine 3:4-Dihydroxy- | 
alanine phenylalanine Norvaline Ornithine Arginine Citrulline | 


Fig. 1. The effect of aromatic substitution in «alanine on Fig. 2. The effect of basic substituents on the stability of 
the stability of the zinc and cadmium complexes. the zinc and cadmium complexes of norvaline. 
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Basic derivatives of the norvaline structure. The 
addition of a §-amino group to norvaline produces 
a decrease in complex stabilities (Fig. 2). No 
evidence was obtained of this group taking part in 
the chelation. Albert (1952) has reported that with 
copper there was a tendency to form an ethylene- 
diamine type of complex. Mercury might be 
expected to show this tendency, but was not 
examined because an insoluble complex is formed. 
Complexes of arginine, in which the norvaline has 
a terminal guanido group, showed no variation in 
stability from those of norvaline, but the introduc- 
tion of a carbamido group, as in citrulline, increased 
complex stabilities. In neither of these compounds 
was there evidence of complex formation with any 
group other than the «-amino group. 

The value of 7-6 for the stability constant 
(log K,) of the ornithine-zine complex is in disagree- 
ment with that of 6-9 found by Albert (1952). The 
hydrochloride and hydrobromide of this amino acid 
were studied in order to verify our value. No im- 
purities were detected by two-dimensional paper- 
chromatography, although the pK values for the 
two salts differed. The complex stabilities for the 
two samples were, however, fortuitously identical. 
Analysis for nitrogen by the micro-Kjeldahl 
method showed that the hydrochloride was partially 
hydrated and the results obtained with this salt 
were therefore discarded. 

The effect of basic terminal groups. The introduc- 
tion of a terminal amino group into the norvaline 
structure reduces the complex stabilities. A similar 
comparison between norleucine and lysine shows 
that in this pair of compounds, in which the carbon 
chain is one atom longer, the introduction of a 
terminal amino group also reduces the complex 
stabilities. Again with lysine no evidence was 
found for the ethylenediamine type of complex. 
Albert (1952) studied the complexes of 1:2-diamino- 
propionic acid and 1:3-diaminobutyric acid. He 
was able to show that in ascending this homologous 
series, chelation through both nitrogen atoms 
decreased until in the case of ornithine (1:4- 
diaminovaleric acid) it was of negligible im- 
portance. 

Although chelation through the terminal amino 
groups of ornithine and lysine did not occur it was 
decided to study the derivatives in which the 
strongly-binding «-amino group was absent. 
Studies with §-amino valeric acid and «¢-amino 
caproic acid show that no binding occurs. This 
result confirms that the chain length between the 
carboxyl and amino groups is important, although 
there is little evidence for the metal bridging the 
carboxyl and amino groups in «-amino acids. 

The effect of terminal carboxyl and amide groups. 
The introduction of a g-carboxyl group into «- 
alanine increases the stabilities of the metal com- 
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plexes (Fig. 3). The same effect is observed when 
comparing «-amino-n-butyrie acid and its related 
dicarboxylic acid, glutamic acid. 

These dicarboxylic acids are interesting because 
it is theoretically possible that the ring formed by 
the metal might be through the - or y-instead of the 
a-carboxyl groups. As Albert (1952) has explained, 
it is not possible to decide by the present method if 
this does happen. Comparing the glutamic and 
aspartic acid complexes, it is seen that the effect of 
moving the terminal carboxyl group further away 
from the «-groups reduces their enhancing effect on 
the complex stabilities. 

In both series, conversion of the terminal car- 
boxyl group into an amide decreases the complex 
stability. Although the amides contain a peptide- 
like amino group no evidence was obtained that this 
group takes part in chelation. Albert (1950) 
previously reported that asparagine forms glycine- 
like complexes. 


9 

8 
o 
x 
2O 
& 

7 

t 4 > 4h 
Alanine Aspartic Asparagine Glutamic Glutamine 
acid a@-Amino- acid 
n-butyric 
acid 


Fig. 3. A comparison of the stability constants of the 
cadmium complexes of various amino acids showing the 
effect of carboxylic acid and amide substituents. 


The effect of heterocyclic ring systems on the «- 
alanine structure. Tryptophan has an a-alanine 
structure with an indole group substituted at the 
B-carbon atom. This molecule forms simple glycine- 
type complexes with metals but of lower stability 
than those of «-alanine. This is similar to the effect of 
introducing a B-phenyl group. Histidine, in which 
the f-carbon atom of «-alanine has a glyoxaline 
group attached, was found by Albert (1952) to form 
ethylenediamine-type complexes in which the 
glyoxaline nitrogen takes part. In the present work 
the zine and cadmium complexes were studied and 
found to have relatively high stability constants. 
This agrees with the work of Albert with Ni**, 
Zn*+ and Fe?+. 

Sulphur derivatives. Cysteine, in which a sul- 
phydry] group has been added to the B-carbon atom 
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of «-alanine, forms the most stable complexes so 
far examined. The zinc complex had the very high 
log K, value of 17-5. The mercury complex, however, 
appeared to chelate specifically with the sulphydryl 
group. Hughes (1947) showed that in the case 
of human serum albumin, mercury also combines 
specifically with the sulphydry] group. This suggests 
that mercuric nitrate would be a more specific 
reagent for sulphydryl groups than the customary 
silver nitrate. 

In a recent paper (Klotz, Urquhart & Fiess, 1952) 
on the complexes of sulphydryl groups of serum 
proteins, it was observed that the order of stability 
of the metal complexes was cadmium > zinc. 
This order could not be compared with that of 
cysteine as the cadmium complex was insoluble. 
This is, however, another demonstration of the 
unusual properties associated with the sulphydryl 
group. 

Methionine, which is the y-methylthio derivative 
of «-amino-n-butyric acid, formed complexes of the 
simple glycine-type. The stabilities of its complexes 
were almost identical with those of its parent acid. 
This shows that the sulphydryl group must be able 
to ionize to produce any effect. Unfortunately both 
cystine, the oxidation product of cysteine, and 
lanthionine, S(CH,.CHNH,.COOH),, were in- 
sufficiently soluble to be studied. 

This study does not show 4 single example of the 


metals of group II forming complexes in order of 
stability other than mercury > beryllium > zine > 
cadmium. Changes in stability constants compar- 
able to the metal effect are only shown by the 
sulphydryl and glyoxaline groups. 


D. J. PERKINS 


1953 
SUMMARY 


1. The stability constants of metal complexes of 
a wide range of amino acids have been measured by 
a potentiometric method. 

2. The sequence of relative stability for any 
particular amino acid complexes has been confirmed 
as mercury > beryllium > zinc > cadmium. 

3. The introduction of a B-hydroxyl group into 
the amino acid structure slightly reduces the 
stability of the complexes. 

4. Anaromatic substituent decreases the stability 
constants. The addition of a para-hydroxyl group 
further reduces the constant, but this effect is less 
marked when an ortho-hydroxyl group or two ortho- 
iodine atoms are also present in the aromatic ring. 

5. Terminal amino groups in a simple amino acid 
reduce, but the carbamido group increases, complex 
stabilities. 

6. No evidence was found for complex formation 
through groups other than the «-amino group except 
for histidine and cysteine. 

7. Terminal carboxyl groups increase complex 
stability constants. Amide groups reverse this effect. 

8. Histidine has high stability constants and 
forms complexes through both the glyoxaline and 
«-amino groups. 

9. Cysteine produces complexes with the largest 
stability constants recorded in the «-amino acid 
field. 


I gladly acknowledge the advice and encouragement of 
Prof. N. H. Martin during the course of this work and the 
financial help given by the Research Fund of St George’s 
Hospital and the University of London. 
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The first paper of this series (Roy, 1953) reported 
the presence of two distinct fractions exhibiting 
sulphatase activity in an aqueous extract of an 
acetone powder of ox liver, and gave preliminary 
data on the properties of the two crude enzymes, 
which were separated by fractional precipitation 
with acetone. The present paper describes the 
further purification and properties of fraction A, 
now referred to as sulphatase A. 











EXPERIMENTAL 





Preparation of sulphatase A 





The starting material was an acetone powder of ox liver 
prepared as described previously (Roy, 1953). Cold acetone 
fractionation was carried out in an apparatus similar to that 
described by Askonas (1951) using thin aluminium vessels to 
ensure rapid heat transfer. Precipitation with (NH,),SO, 
was effected by adding to the solution, with constant 
stirring, the calculated amount of solid (NH,),SO,; after 
the salt had dissolved the mixture was kept 4-6 hr. at room 
temperature before the precipitated protein was removed by 
centrifuging. Enzyme solutions were dialysed in Visking 
cellophan tubing against running tap water at room temper- 
ature unless otherwise specified. 

Unfractionated extract. 60 g. of the acetone powder were 
incubated for 1 hr. at 37° with 400 ml. water and the in- 
soluble material removed by centrifuging. The debris was 
washed with a further 150 ml. water and the combined 
supernatants were clarified by centrifuging for 30 min. 
at 8000 g. 

Stage A. To 400 ml. unfractionated extract was added 
40 ml. 0-2 M-phosphate buffer, pH 7-0 (final pH 6-8) and the 
volume made up to 450 ml. After bringing to 0°, 340 ml. 
cold acetone were slowly added, the temperature being 
lowered to —9° during the process. After equilibration at 
-9° for 30 min., the precipitate of fraction B (Roy, 1953) 
was centrifuged off at the same temperature and discarded. 
To the supernatant (650 ml.) kept at — 9° were added 15 ml. 
of the phosphate buffer, followed by a further 280 ml. of 
acetone. The mixture was equilibrated as before and the 
precipitate of crude sulphatase A centrifuged off at -9°, 
dissolved in 75 ml. water and dialysed overnight to give 
approximately 140 ml. ofa clear red solution of sulphatase A. 

Stage A-1. To 140 ml. A were added 10 ml. 0-5m-sodium 
acetate, pH 6-5 (final pH 7-0) and 1-5 ml. 0-3M-CaCl,. The 
solution was then precipitated with 115 ml. acetone at —9 
as described above, and the inactive precipitate discarded ; 
the supernatant, kept at —9°, was treated with a further 
115 ml. acetone, the precipitate centrifuged off as before, 
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Table 1. The course of a typical preparation 


of sulphtase A 


Total activity Activity 
Stage (s.u.) (s.u./mg. N) 
Unfractionated 126 000 38 
extract 

A 150 000 330 
A-l 120 000 3 000 
A-2 90 000 = 

A-3 40 000 6 700 
A-4 29 090 40 000 


dissolved in 25 ml. water, and dialysed overnight to give 
40 ml. of a solution of sulphatase A-1. 

Stage A-2. Sufficient solid (NH,),SO, wis added to A-1 
to make the solution 30% saturated (NH,),SO,. After 
standing 5 hr., the active precipitate was centrifuged off, 
dissolved in 10 ml. water and dialysed overnight. 

Stage A-3. A-2 was 20% saturated with (NH,).SO,, and 
the inactive precipitate centrifuged off. The supernatant 
was then 40% saturated with (NH,),SO,, the precipitate 
separated, dissolved in 5 ml. water and dialysed overnight, 
giving 8 ml. of a clear, faintly straw-coloured liquid. 

Stage A-4. The clear solution of A-3 was dialysed at 0 
against twelve or more changes of distilled water for 48 hr. 
and the white, flocculent precipitate of the enzyme was 
centrifuged off. This was extracted for 24 hr. at 0° with 
4 ml. 0-1 m-NaCl, during which time the bulk of the enzyme 
passed into solution. The insoluble residue was centrifuged 
off, washed with 0-1 M-NaCl, and the combined supernatants 
stored at — 10°. 

The concentrated enzyme solutions so obtained were 
perfectly stable, even at 0°, but when diluted to a concen- 
tration suitable for assay as described below, the enzyme 
rapidly lost its activity. When so diluted, about 50% 
inactivation occurred on standing 24 hr. at 0° in the case of 
sulphatase A-4. Less highly purified preparations were 
considerably more stable. 

Table 1 shows the course of a typical preparation of 
sulphatase A. One sulphatase A unit (s.u.) is defined as the 
amount of enzyme which, under the standard conditions 
described below, liberates (1 yg.)# nitrocatechol. The reason 
for raising the amount of nitrocatechol liberated to the 
power of % is described below. 


Preparation of sulphuric acid esters 


The majority of the sulphuric acid esters were prepared by 
the method of Burkhardt & Lapworth (1926) using the 
chlorosulphonic acid-dimethylaniline complex in CHCl, 
solution as the sulphating agent. Dipotassium 2-hydroxy-5- 
nitrophenol sulphate (nitrocatechol sulphate) was prepared 
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as described previously (Roy, 1953). Steroid sulphates were 
prepared by sulphation with pyridine:sulphur trioxide 
(private communication from Dr J. Y. F. Paterson) as were 
the monosaccharide sulphates (Duff, 1949). 


Estimation of enzymic activity 


Routine estimations were carried out using the method 
previously described (Roy, 1953) with nitrocatechol 
sulphate as substrate. The total volume of the reaction 
mixture was 0-8 ml. containing 0-2 ml. enzyme solution, 
0-2 ml. 0-5m-acetate buffer, pH 4-9, and 0-4 ml. 0-006m- 
nitrocatechol sulphate adjusted to pH 4-9 with 0-1Nn-HCl, 
giving a final substrate concentration of 0-003M-nitro- 
catechol sulphate in 0-13 M-acetate buffer. After incubating 
for 1 hr. at 37°, the solution was deproteinized with 3 ml. 
2% phosphotungstic acid in 0-1N-HCl and the liberated 
nitrocatechol estimated colorimetrically by means of the red 
colour developed in an alkaline quinol solution. Assays 
were run in duplicate along with appropriate enzyme and 
substrate blanks. During typical assays approximately 
50 wg. nitrocatechol were liberated, corresponding to a 10% 
hydrolysis of the substrate. Under the above conditions the 
degree of hydrolysis was linearly related to the time of 
incubation for periods of at least 2 hr. in the case of enzyme 
solutions purified to stage A-3. Some preparations purified 
to stage A-4 gave a decreasing rate of hydrolysis after 1 hr. 
incubation. 

Use of substrates other than nitrocatechol sulphate. In all 
cases the general technique of the enzyme assay was similar 
to that described above, the principal difference being in the 
methods of estimating the liberated phenols. In the case of 
simple phenolic compounds (phenol, cresols, naphthols, 
2-phenanthrol) the phenol was estimated colorimetrically 
using Folin & Ciocalteu reagent as described by Kerr, 
Graham & Levvy (1948) for the estimation of B-glucuroni- 
dase. To the reaction mixture at the end of incubation was 
added 3 ml. Folin & Ciocalteu reagent diluted 1 in 5 with 
water. Any precipitated protein was centrifuged off and 
3 ml. of the supernatant pipetted into 5 ml. n-Na,CO, for 
colour development. After standing for 15 min. at 37°, the 
blue colour was read in the Spekker absorptiometer using 
Ilford filter no. 608 (700 my.). With p-nitrophenyl sulphate, 
the liberated p-nitrophenol was estimated colorimetrically 
by means of the yellow colour developed in alkaline solution. 
The assay was similar to that described for nitrocatechol 
sulphate except that 3 ml. of the supernatant from the 
phosphotungstic acid precipitation was pipetted into 5 ml. 
n-Na,CO, for colour development. The yellow colour was 
read in the Spekker absorptiometer using Ilford filter 
no. 601 (425 muz.). 


Study of inhibitory substances 


The substance under consideration was dissolved in the 
0-5M-acetate buffer used in the routine assay described 
above to give any required concentration, after which the 
pH was checked (glass electrode) and if necessary adjusted 
to pH 4-9 with 0-1N-HCl or NaOH. The buffered inhibitor 
solutions so obtained were used in place of the normal 
buffer in the routine assay, so that in all cases the 
enzyme was added to the previously mixed substrate and 
inhibitor. 


RESULTS 


In all the following experiments the enzyme used 
had been purified as far as stage A-3, unless other. 
wise specified in the text. 

Effect of enzyme concentration on the reaction 
velocity. In the previous communication it was 
reported that in the case of crude sulphatase 4 
(stage A) the rate of hydrolysis of nitrocatechol 
sulphate was not directly proportional to the 
enzyme concentration, whereas the relation was 
a linear one in the case of fraction B. It was at that 
time suggested that this anomaly might be due to 
the crude nature of the fraction, but it has now been 
found that highly purified preparations of sul- 
phatase A also exhibit this effect, as is shown in 
Fig. 1. The effect is not due to the presence of an 
activator or coenzyme, as the addition of boiled 
enzyme solution to the assays makes no difference 
to the response to changes in enzyme concentration. 
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Fig. 1. Effect of enzyme concentration on reaction velocity. 
Final volume of reaction mixture: 0-8 ml., containing 
0-2 ml. enzyme solution of varying concentration, 0-4 ml. 
0-006 M-nitrocatechol sulphate and 0-2 ml. 0-5m-acetate 
buffer, pH 4-9. Incubated 1 hr. at 37°. 


Fig. 2 shows that although the reaction velocity is 
not proportional to the enzyme concentration it is, 
at least approximately, so related to the enzyme 
concentration raised to the power of $ over the 
range of enzyme concentration usually studied. This 
relationship appears to break down at higher 
enzyme concentrations, where the reaction velocity 
is even higher than would be expected from the 
relationship v=kE! (v is reaction velocity, 2 the 
enzyme concentration, and k a constant). Table 2 
illustrates this point. 
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Fig. 2. Relationship between reaction velocity and the 
enzyme concentration raised to the power 3/2 (E}). 
Conditions as in Fig. 1. The figures on the lines indicate 
the state of purification of the enzyme. 


Table 2. Effect of enzyme concentration 
on reaction velocity 


v 


E Ei Vobs. E} Veale. , 
0-10 0-032 1-3 40-6 1-2 
0-20 0-089 3-5 39-4 3-3 
0-25 0-125 4:3 34-4 4-7 
0:30 0-164 6-0 36-6 6-2 
0-40 0-253 8-5 33-6 9-5 
0-50 0-353 13-0 36:8 13-8 
0-75 0-650 25-5 39-3 24-5 
1-0 1-00 39-5 39-5 37-5 
2-0 2-83 134-0 47-4* 106-0 
3-0 5-20 243-0 46-8* 195-0 
4-0 8-00 370-0 46-3* 300-0 


* Omitted from calculation of mean value of _ 
T atc. =kE!, where k is the mean value of es 

It follows from the above relationship that in the 
case of enzyme assays at normal enzyme concen- 
trations (liberating some 50 yg. nitrocatechol under 
the standard conditions) it is necessary to raise the 
amount of nitrocatechol liberated to the power of 
to obtain an approximate measure of the amount of 
enzyme present. One sulphatase unit is therefore 
defined as the amount of enzyme liberating (1 yg.)# 
of nitrocatechol under the standard conditions 
described above. 

Effect of changes in pH. The effect of varying pH 
on the activity of the enzyme is shown in Fig. 3, the 
assays being carried out in 0-13M-acetate buffers at 
a final substrate concentration of 0-003M-nitro- 
catechol sulphate. It is obvious from the figure that 
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sulphatase A has a well-defined optimum at pH 4-9 
in acetate buffers. With different preparations of the 
enzyme, the position of the optimum varied between 
pH 4-9 and 5-0. Fig. 3 also shows the effect of 
citrate buffers on the pH optimum of sulphatase A. 
In 0-13M-citrate the pH optimum is displaced to 
approximately pH 5-9, and the reaction velocity at 
lower pH values is considerably depressed, compared 
with the velocity in acetate buffers of corresponding 
pH values. It would appear that the optimum at 
pH 5-9 in citrate is only an apparent one brought 
about by the very strong inhibition of the enzyme by 
citrate below pH 6. 


2 2 2 > 
+ oO oo } 


Relative activity 


2 
N 





Fig. 3. Effect of pH on reaction velocity. Incubated for 
1 hr. at 37° in 0-15M-acetate or citrate buffers of varying 
pH. Substrate concentration 0-003 M-nitrocatechol sul- 
phate. Final volume of reaction mixture 0-8 ml. con- 
taining 0-2 ml. enzyme solution. @—®@, acetate buffer, 
x—x< citrate buffer. 


Although several early preparations of sulphatase 
A gave pH-activity curves of the above type, more 
recent preparations have given curves of a very 
different nature, typical examples of which are 
shown in Fig. 4. This change is not due to any 
detectable alteration in the experimental procedure, 
which has been kept constant throughout the 
investigations, and it has not so far proved possible 
to repeat the preparations of specimens of sul- 
phatase A with a simple pH curve. The complexity 
of the problem is indicated in Fig. 4, which shows 
that the shape of the pH curve varies markedly with 
changes in enzyme concentration. At high enzyme 
concentrations the enzyme activity is greatest at 
pH 5-2-5-3 with a subsidiary optimum at pH 4-8— 
4-9: as the enzyme concentration is lowered this 
latter optimum becomes more prominent and the 
optimum at pH 5-2 becomes subsidiary. Finally, in 
low enzyme concentrations the optimum at pH 5-2 
disappears, that at pH 4-8 becomes less prominent, 
and the major optimum appears at pH 4-5-4-6. 
That is, as the enzyme concentration is lowered, the 
optimum shifts from pH 5-2 through pH 4:8 to 4:5. 


Nitrocatechol liberated/tube (yg.) 
3 Ss Ss 


3 


N 
oO 


Fig. 4. Effect of varying enzyme concentration on the pH- 
activity curves. Conditions as in Fig. 3 except that the 
concentration of the enzyme was varied, and only 
acetate buffers were used. The figures on the curves 
indicate the relative enzyme concentrations. 


This effect is quite constant, and ten entirely inde- 


pendent preparations at varying stages of purity 
have given similar results. Unfortunately, samples 
of the earlier preparations were not available for 
investigation of this problem. 


The inhibition of sulphatase A by citrate sug- 
gested that the enzyme might require magnesium 
ions as an activator. As Smith (1950) showed that 
the electrophoretic behaviour of leucine amino- 
peptidase was altered in the presence of its acti- 
vator, manganese, it seemed possible that the 
presence of magnesium might alter the shape of the 
pH_-activity curve of sulphatase A, as any change in 
electrophoretic behaviour is likely to be accom- 
panied by a corresponding shift in the position of the 
pH optimum. The effect of magnesium ions on the 
pH-activity curve of the enzyme was therefore in- 
vestigated. No significant difference could be 
detected between the pH curve of the normal 
enzyme and enzyme which had been treated with 
0-01 M-magnesium chloride for 30 min. before assay. 

Effect of changes in substrate concentration. Fig. 5 
shows the effect of varying substrate concentration 
on the reaction velocity. As previously reported for 
crude fraction A, the reaction velocity reached 
a maximum at a substrate concentration of 0-003 M- 
nitrocatechol sulphate. Fig. 5 also gives the results 
of a typical experiment plotted according to the 
method of Lineweaver & Burke (1934) and allows 


. . woe 


NY 
o 


Nitrocatechol liberated/tube (ug.) 


0-001 0-002 0-003 


Substrate concn. (M) 


Fig. 5. Effect of varying substrate concentration on the 
reaction velocity. Incubated for 1 hr. at 37° with varying 
‘concentrations of nitrocatechol sulphate in 0-l5m- 
acetate buffer, pH 4-9. Final volume of reaction mixture 
0:8 ml. containing 0-2 ml. enzyme solution. @—®, plot 
of reaction velocity against substrate concentration; 
x—x, the above data plotted according to the 
equation derived by Lineweaver & Burke (1934) 
8 K 
=— 8+— 
eV J 


m 
>? 


where s is the substrate concentration, v and V the 
observed and maximum velocities respectively, and K,, 
the Michaelis constant. 


1=2:5 x10” m-Na,SO, 


1=1:3 x10 M-Na,SO, 


0-001 0-002 0-003 


Substrate concn. (M) 


Fig. 6. Inhibition by Na,SO, and Na,SO,. Conditions as in 
Fig. 5. Inhibitor concentration as indicated on the figure. 
Plotted according to the equation derived by Hunter & 
Downs (1945) 

m K 
I —=K,+- 
l-« . 


é > 
— 8, 


m 

where J and s are the inhibitor and substrate concentra- 
tions, « the fractional activity, K,, the Michaelis constant, 
and K, the dissociation constant of the enzyme-inhibitor 
complex. 
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the calculation of the Michaelis constant, K,,. In 
the experiment shown the value of K,,, is 7-9 x 10-4M- 
nitrocatechol sulphate; a further two experiments 
gave values of 8-2 x 10-*m- and 7-6 x 10-*m-nitro- 
catechol sulphate. 

As the above determinations were carried out 
with one of the early preparations, the experiments 
were repeated using a more recent enzyme prepara- 
tion having multiple pH optima. The effect of sub- 
strate concentration was investigated with high and 
low concentrations of enzyme, at pH 5-2 and 4-6 
respectively. As in both cases the results were very 
similar to those shown in Fig. 5 they are not re- 
ported here in detail. The optimum substrate con- 
centration was 0-003M-nitrocatechol sulphate with 
both enzyme concentrations, but the values of K,, 
appeared to be significantly higher than those 
reported above, being 12x 10-*m-nitrocatechol 
sulphate in both cases. 

Effect of inhibitory substances. The following 
studies were carried out with an early enzyme pre- 
paration having a pH optimum of 5-0. Some of the 
results of the study of a large number of substances 
as possible inhibitors of sulphatase A are shown in 
Tables 3 and 4. Table 3 shows the effect of a number 
of compounds on the enzymic activity. In confirma- 
tion of the results of Tanaka (1938) for molluscan 
phenol sulphatase, sodium sulphate was found to be 
a powerful inhibitor of sulphatase A, which there- 
fore differs in this respect from the phenol sul- 
phatase of Taka diastase (Taka sulphatase) as the 
latter is not inhibited by sodium sulphate (Robinson, 
Smith, Spencer & Williams, 1952). Like Taka 
sulphatase, however, sulphatase A is strongly 
inhibited by sodium sulphite. Fig. 6 shows that the 
inhibition by both these substances is competitive 
and allows the calculation of the respective values of 
K; by the method of Hunter & Downs (1945). These 
values are 7-5x10-*m-sodium sulphate and 
2:0 x 10-*m-sodium sulphite respectively. 
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Compound 
Potassium methyl sulphate 
Potassium benzyl sulphate 






Potassium cyclohexyl sulphate 
Potassium phenyl! sulphate 
Potassium m-tolyl sulphate 






Potassium 1-naphthyl sulphate 
Potassium 2-naphthyl sulphate 
Potassium 2-phenanthryl sulphate 
Potassium androsterone sulphate 






Sodium glucose 6-sulphate 
Sodium glucose 3-sulphate 
Sodium chondroitin sulphate 
Heparin 
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Table 4. Effect of various sulphuric acid esters on the activity of sulphatase A 
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The other results listed in Table 3 show little of 
interest, except that 0-05M-potassium cyanide does 
not inhibit sulphatase A, whereas Taka sulphatase is 
completely inhibited by this concentration of 
cyanide (Robinson et al. 1952). Like Taka sulpha- 
tase, sulphatase A is strongly inhibited by phos- 
phate. Again, the activity of sulphatase A is un- 
influenced by sodium chloride, thus distinguishing 
it from the phenol sulphatase of the limpet (Patella 
vulgata) which is activated by this substance 
(Dodgson & Spencer, 1952). The activation of rat- 
liver sulphatase by potassium chloride reported by 
Dodgson, Spencer & Thomas (1953) is probably not 
a true activation, but rather an apparent one 
brought about by a change in the state of dis- 
persion of the enzyme studied by these authors. 
Potassium chloride is without effect on sulphatase A. 





Table 3. Effect of various compounds on the 
activity of sulphatase A 
(Final volume of reaction mixture 0-8 ml. containing 
0-2 ml. 0-5Mm-acetate buffer, pH4-9, 0-4ml. 0-006m- 
nitrocatechol sulphate and 0-2 ml. enzyme solution. The 
inhibitor was dissolved in the acetate buffer to give the 
required concentration.) 


Final 
concentration Inhibition 

Compound (mM) (% 
i (0-025 85 
Na,S0, 10-0025 40 
(0-25 x 10-3 100 

Na,SO, 0-25 x 10-3 90 
l0-0025 x 10-3 5 

NaCl 0-05 0 
KCl 0-05 0 
(0-1 15 

MgCl, 10-01 0 
BaCl, 0-025 40 
KCN 0-01 2 
NaF 0-01 95 
KH,PO, 0-025 100 
C,H;PO0,Na, 0-025 80 
C,H,SO,K 0-05 10 
C,H,SO,K 0-05 0 


(Experimental conditions as in Table 3.) 


Concentration Inhibition 
(ar) (%) K, 
0-05 0 — 
0-05 10 — 
0-05 3 ante 
0-05 1¢ 3x107 
0-05 30 1x10" 
0-01 18 4x10"? 
0-01 30 3x10 
0-002 30 4x10 
0-005 30 1x10 
0-025 0 — 
0-025 0 — 

10 mg./ml. 0 — 

10 mg./ml. 0 -- 
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Table 4 shows the effect of several sulphuric acid 
esters on the activity of sulphatase A. It is im- 
mediately obvious that only the esters of the more 
complex compounds exert any significant inhibitory 
action, there being a definite decrease in the value of 
K, and therefore an increase in the affinity of the 
enzyme for the inhibitor with an increase in com- 
plexity towards a polycyclic alkyl or aryl sulphate. 
None of the carbohydrate sulphates so far studied 
exhibited any inhibitory effect on the enzyme. 


2 2 2 = 
+ oO oo } 


Relative activity 


2 
N 


6 
pH 


Fig. 7. Effect of pH on the hydrolysis of m-tolyl sulphate. 
General conditions as in Fig. 3 except that the substrate 
concentration was 0-1 m m-tolyl sulphate. 


2-4 


20 


0 
32 33 34 35 
1/T x10* 


Fig. 8. Plot of log reaction rate (log v) against reciprocal of 
absolute temperature (1/7') for varying concentrations of 
sulphatase A. Final volume of reaction mixture 0-8 ml. 
containing: 0-2 ml. enzyme solution, 0-2 ml. acetate 
buffer, pH 5-2 and 4-6 in the high and low enzyme con- 
centrations respectively; and 0-4ml. 0-006m-nitro- 
catechol sulphate. Incubated for 1 hr. @—®, relative 
enzyme concentration 6; x— x, relative enzyme con- 
centration 1. 
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The degree of inhibition is independent of the con. 
centration of the substrate for any given inhibitor 
concentration, at least over the relatively small 
range of substrate concentration (0-00075m to 
0-003 M-nitrocatechol sulphate) so far studied. This 
may be taken as an indication that the inhibition by 
these sulphuric acid esters is non-competitive. This 
inhibition cannot, however, be completely non- 
competitive because, as described below, at least 
some of these aryl sulphates are slowly hydrolysed 
by the enzyme. 

Hydrolysis of aryl sulphates. This problem has not 
yet been studied exhaustively, but the results 
indicate that sulphatase A hydrolyses the simpler 
aryl sulphates so far studied at a much lower rate 
than it does nitrocatechol sulphate. Also the 
affinity of the enzyme for these sulphates is low: 
in the case of p-nitrophenyl sulphate and m-tolyl 
sulphate the values of K,, were 0-04 and 02m 
respectively, compared with a value of 0-0008 for 
nitrocatechol sulphate. Again, the optimum pH for 
the hydrolysis of these sulphates is at approxi- 
mately pH 5-7 in 0-13M-acetate buffer, compared 
with the optimum at pH 4-9 for the hydrolysis of 
nitrocatechol sulphate. The pH-activity curve for 
the hydrolysis of m-tolyl sulphate is shown in 
Fig. 7. 

As with nitrocatechol sulphate, early enzyme 
preparations gave a simple pH curve for the 
hydrolysis of the above sulphates, while more 
recent preparations have given multiple optima, the 
major optimum, however, being at pH 5-7. Re- 
lative rates of hydrolysis have not been accurately 
determined, but it appears that both m-tolyl and 
p-nitrophenyl] sulphates are hydrolysed from 10 to 
20 times more slowly than nitrocatechol sulphate by 
sulphatase A. Pilot experiments have indicated that 
the rates of hydrolysis of 1- and 2-naphthyl 
sulphates and 2-phenanthryl sulphate are of the 
same order as that for the hydrolysis of m-tolyl 
sulphate. 

Energy of activation of sulphatase A. The energy of 
activation was determined at several enzyme con- 
centrations, in each case the enzyme activity being 
assayed at the optimum pH for the appropriate 
enzyme concentration. Assays were carried out in 
0-003 M-nitrocatechol sulphate at various temper- 
atures between 15 and 37°. Fig. 8 shows the results 
of a typical experiment plotted according to the 
Arrhenius equation (Arrhenius, 1889) 


k, A/l :) 
In a mom}? 
b, RAF... 7, 


where k is the reaction rate at absolute temperature 
T, R is the gas constant and A the energy of activa- 
tion. From the data of Fig. 8 the energy of activa- 
tion may be calculated, and in the experiment shown 
the values were 6500 cal./mole and 14 000 cal./mole 
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at high and low enzyme concentrations respectively 
(relative enzyme concentrations 6 and 1, corre- 
sponding to the upper and lower curves of Fig. 4). 


DISCUSSION 


The reported method of purification gives a very 
considerable concentration of the enzyme, as is 
indicated in Table 1; the final yield at stage A-4 is 
approximately 20% of the enzyme present at the 
stage of the unfractionated extract and represents 
1000-fold concentration of the enzyme with respect 
to protein nitrogen. Even at stage A-4, however, 
the enzyme is not pure, as the electrophoretic 
pattern of a typical preparation determined at 
pH 6-5 in the Hilger Tiselius apnaratus indicates the 
presence of at least four components. In order to 
determine which of the components represented 
sulphatase A, electrophoresis was carried out on 
filter-paper strips, using an apparatus essentially 
similar to that described by Latner (1952). The 
bulk of the enzymic activity did not appear to be 
associated with the major component. It may there- 
fore be concluded that, although a considerable 
degree of purification has been attained, stage A-4 
does not represent a pure enzyme. 

It should be noted that the method of preparation 
shows that sulphatase A is a globulin, as it is almost 
quantitatively precipitated by 30% saturated 
ammonium sulphate and is insoluble in distilled 
water. Sulphatase A therefore differs markedly 
from Taka sulphatase which Dzialoszynski (1951) 
has shown to be an albumin. 

The anomalous relationship between enzyme 
concentration and reaction velocity, shown in Fig. 1 
and Table 3, is very unusual. It is difficult to explain 
this effect but the following mechanism seems a 
probable one, the more so as it has a bearing on the 
multiple nature of the pH curve. The basic postu- 
lates are two in number: 

(1) That the enzyme molecules (Z) are capable of 
associating reversibly with one another to form 
a dimeric enzyme (E,) 


2E= E, 
The dissociation constant of this reaction is given by 


-__ Ne 

K=3 (1) 

ny 

where n, and n, are the concentrations of E and E, 
respectively. 

(2) That the dimeric form of the enzyme is a more 
efficient catalyst than is the monomeric form, i.e. 
k,>k, in the following reactions: 

ky 
S+ EH —> E+ products 
ke 
S+ E,—> E,+ products. 
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If the above postulates are valid, then the velocity of 
the enzyme reaction is given by 
dn, 
<a Ot (kn, + kane) N, 
= (k,n, +k, Kni) ng (2) 


where n, is the concentration of the substrate. Or, in 
terms of a total enzyme concentration, n, reckoned 
as monomeric units, and «, the fraction of the total 
amount of enzyme which is present in the dimeric 


form 


N,=(1—«a) n, Ny = Fan. 


Substituting the above in (2) 


dn, 
—G = ll —a) n +k K(1—a)? n?]n, (3) 


where the value of « is given by the expression 


——¥ | ; 1 ar 1 4 
lata) 3] 


obtained by substituting the above expressions for 
nm, and n, in terms of n and « into equation (1) and 
solving the quadratic so obtained for «. 

It is obvious from equations (3) and (4) that under 
such conditions the reaction velocity would be 
proportional not to the enzyme concentration, but 
to some power, intermediate between the first and 
second, of the enzyme concentration. Further, if the 
enzyme were capable of polymerizing in several 
stages —H, E,, E;, ..., H,—the relationship shown 
in equation (3) would be of the same general form, 
provided that the second of the above postulates 
remained valid. 

It must be stressed that direct evidence for the 
above theory will be difficult to obtain until the 
enzyme is obtained in a pure state, and the above 
explanation must be regarded as tentative, the 
more so as no explanation can be offered as to why 
the original preparations gave a simple pH curve 
with a single optimum at pH 5, while more recent 
preparations have shown multiple pH optima. 

The first of the above postulates, however, is by 
no means unlikely as many examples of protein- 
protein interactions have now been described. The 
most studied example is that of insulin which has 
definitely been shown (Gutfreund, 1948, 1952) to 
exist in various polymerized forms of a simple sub- 
unit; likewise Pedersen (1950) has described similar 
phenomena in bovine CO-haemoglobin. 

The second postulate is at first sight less possible, 
as polymerization of the simple molecules must 
decrease the absolute number of enzymically active 
particles present, which must in turn decrease the 
chance of combination between the enzyme and its 
substrate, and so might be expected to reduce the 
enzymic activity, rather than to increase it. That 
this is apparently not the case is indicated by the 
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results shown in Fig. 8 and the values of the activa- 
tion energies calculated therefrom. At high enzyme 
concentrations the activation energy is around 
7000 cal./mole whereas at low concentrations the 
activation energy rises to 14000 cal./mole. This 
implies that at high concentrations the enzyme is 
more catalytically active than at low concentra- 
tions, and so supports the second of the above two 
postulates. It must be stressed that the above 
values of the activation energy have little absolute 
significance as intermediate values may be ob- 
tained, presumably due to the fact that it is im- 
possible to obtain an enzyme solution completely 
homogeneous with respect to any given polymeric 
form and therefore the values refer to solutions 
containing two or more molecular species of enzyme. 

Further evidence for the probable truth of the 
above hypothesis is given by a consideration of the 
pH-activity curves shown in Fig. 4 which indicate 
a definite shift in the pH optimum with changes in 
enzyme concentration. If the enzyme can exist in 
a monomeric form and one or more polymerized 
forms then it is not unlikely that each of the forms 
would have a definite pH optimum. From the 
results shown in Fig. 4 it seems justifiable to con- 
clude that the pH optimum of the simple, un- 
polymerized form is approximately pH. 4-6 and with 
increasing degrees of polymerization of the enzyme 
the pH optimum moves to pH 4-9 and then to 
pH 5-2. 

From the inhibitory action of citrate and fluoride 
on the enzyme it seems probable that sulphatase A 
requires magnesium ions for its complete activity. 
This conclusion would not be expected from the 
findings of Hommerberg (1931) and of Tanaka 
(1938), both of whom claimed that magnesium 
chloride inhibited sulphatases from a number of 
animal tissues: this inhibition is, however, con- 
firmed by the results shown in Table 3 which 
indicate iat 0-1M-magnesium chloride inhibits 
sulphatase A slightly. Lower concentrations were 
without effect, although some preparations were 
activated to a slight extent (not more than 10%) by 
0-005M-magnesium chloride. This effect was un- 
fortunately variable. On the other hand, dialysis of 
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stage A-3 enzyme for 48 hr. against several changes 
of glass-distilled water did not significantly depress 
the enzymic activity, although the enzyme was 
precipitated during the dialysis. In this connexion, 
Seligman, Chauncey & Nachlas (1951) claimed that 
rat-liver sulphatase was activated by magnesium 
chloride: it seems, however, that these claims are of 
doubtful validity. The enzyme used by these 
workers was a ‘homogenate’ of formalin-fixed 
tissues, and the so-called activation was obtained by 
steeping the blocks of tissue in a solution of mag- 
nesium chloride before grinding: it seems probable 
that the effect can be explained by the steeping in 
the aqueous solution removing traces of formalin. 
This latter view is supported by the fact that 
Seligman e¢ al. (1951) also claimed that Fe,(SO,),, 
(NH,).SO, was an activator of the enzyme. 

Only preliminary studies of the specificity of 
sulphatase A have as yet been carried out, but it is 
obvious from the data of Table 4 that the enzyme 
has very little affinity for the simpler aryl sulphates, 
and apparently none for the few carbohydrate 
sulphates so far studied. Also, the simpler aryl 
sulphates are hydrolysed much more slowly than is 
nitrocatechol sulphate. The considerable increase in 
the affinity of the enzyme for sulphates containing 
a polycyclic ring system is of interest as it suggests 
a possible role for the enzyme in steroid metabolism. 
Unfortunately, it has not been possible to investi- 
gate the action of the enzyme on oestrone sulphate, 
as no pure specimens of this substance were avail- 
able, all samples being badly contaminated with 
inorganic sulphate, nor was it possible to synthesize 
oestrone sulphate in a sufficient state of purity by 
the methods of Butenandt & Hofstetter (1939) or 
Grant & Glen (1949). In this connexion, it is of 
interest that oestrone sulphate administered to rats 
is apparently very rapidly hydrolysed to oestrone 
(Hanahan & Everett, 1950), whereas similarly 
administered phenyl] sulphate is excreted unchanged 
(Garton & Williams, 1949). Although sulphatase A 
is strongly inhibited by androsterone sulphate, and 
has a high affinity for that substance (Table 4) no 
hydrolysis of androsterone sulphate could be 
detected, even after 18 hr. incubation with a con- 


Table 5. Comparison of Taka sulphatase and sulphatase A 


(In both cases the substrate used was nitrocatechol sulphate.) 


Type of protein 


Taka sulphatase 
Albumin* 


Sulphatase A 
Globulin 


5-9 

0-003 M 

3-5 x 10-*m 
100% Inhibition 
No effect 


= 


4-9 

0-003 Mm 

8 x10-*m 

No effect 

85% Inhibition 
1/20 


pH optimum (acetate) 
Optimum substrate concen. 


Effect of 0-02m-KCN 
Effect of 0-02M-Na,SO, 
Relative rate of hydrolysis of 
p-nitrophenol sulphate 
* Dzialoszynski (1951). 
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centrated enzyme solution. This is in accordance 
with the view (Fromageot, 1938) that the sulpha- 
tases so far described are aryl sulphatases, specific- 
ally hydrolysing phenolic sulphates and having no 
action on alcoholic sulphates, and contrasts sharply 
with the recent claim of Henry, Thevenet & Jarrige 
(1952) that a sulphatase in the gut of Helix pomatia 
readily hydrolyses dehydroepiandrosterone sul- 
phate. 

The above results stress the great differences 
between sulphatase A and any previously described 
sulphatase, especially Taka sulphatase. Table 5 
summarizes the principal differences between sul- 
phatase A and Taka sulphatase, the data for the 
latter being those of Robinson e¢ al. (1952). 


+ SUMMARY 


1. A method is described for the purification of 
ox-liver sulphatase A. A 1000-fold purification is 
achieved. 

2. Differences between the original and recent 
enzyme preparations are described. The original 
preparations had a pH optimum of 4-9-5-0 in 0-13M- 
acetate buffer; more recent preparations have 
shown multiple optima at pH 4-6, 4-9 and 5-2. 

3. In the recent preparations the pH optimum 
varies with the enzyme concentration. In high 
enzyme concentrations the major optimum is at 
pH 5-2 and in low enzyme concentrations at 
pH 4-6. 

4. The enzymic activity is not directly pro- 
portional to the enzyme concentration, but to the 
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enzyme concentration raised to some power inter- 
mediate between the first and second (approxi- 
mately the power %). It is suggested that this effect 
can be explained by polymerization of the enzyme 
molecules to give complexes which are more active 
enzymically than are the unpolymerized molecules. 

5. The variation in pH optimum with enzyme 
concentration can also be explained on the above 
basis. 

6. The optimum substrate concentration is 
0-003M-nitrocatechol sulphate and the K,, is 
8 x 10-* m-nitrocatechol sulphate. 

7. Sulphatase A is competitively inhibited by 
sodium sulphate and sodium sulphite (K;=7 x 10-*m 
and 2 x 10-* m respectively). 

8. Sulphatase A hydrolyses the simpler aryl 
sulphates at a much lower rate than it does nitro- 
catechol sulphate. 

9. Sulphatase A is distinguished from the aryl 
sulphatase of Taka diastase. 
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tion of some of the data given in this paper. He also wishes 
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of steroids, and Dr R. B. Duff for a number of polysaccharide 
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The Branched -chain Fatty Acids of Butterfat 


3. FURTHER INVESTIGATIONS ON A MULTIBRANCHED C,, 
SATURATED FATTY ACID FRACTION 


By R. P. HANSEN anp F. B. SHORLAND 
Fats Research Laboratory, Department of Scientific and Industrial Research, 
Wellington, New Zealand 


(Received 3 June 1953) 


In a previous paper (Hansen & Shorland, 1951) the 
isolation from butterfat of a C,, multibranched 
saturated fatty acid fraction was recorded. As the 
methods then used involved hydrogenation the 
possibility that this fraction was unsaturated in the 
original butterfat was not excluded. In the in- 
vestigation now reported, which was undertaken 
primarily to elucidate the nature of the unsaturated 
acids of butterfat, a fraction with properties similar 
to those recorded in the above-mentioned paper 
has been isolated without hydrogenation by the 
combined techniques of fractional distillation in 
vacuo, chromatographic adsorption on activated 
aluminium oxide, and low temperature crystal- 
lization. 


EXPERIMENTAL 


From 36-7 kg. of butterfat a concentrate of methyl esters 
(8-87 kg.) of the C,, unsaturated acids of butterfat was 
separated from the total unsaturated acids by distillation at 
about 0-1 mm. in a 208 x 6-5 cm. Vigreux column. Syste- 
matic crystallization of this concentrate of methyl esters 
from acetone at low temperatures yielded at — 45° a soluble 
fraction (1-44 kg., iodine val. 129-5) which was converted to 
acids and further crystallized from acetone at —78°. The 
resulting soluble fraction was distilled as methyl esters 
(58-3 g., iodine val. 162-8) in an efficient 60x 1-2 cm. 
fractionating column of the type described by Longenecker 
(1937). Fractionation data are shown in Table 1. 

Fractions 2, 3 and 4 above were combined (denoted A) 
and chromatographed as shown in Table 2, using 800 g. 
activated Al,O, in a 60 mm. diam. tube. In order to recover 
further quantities of the less unsaturated constituents to 
add to fractions A 1 to A4, fractions A5 to A8 inclusive were 
combined (denoted B) and rechromatographed using 300 g. 
activated Al,O, packed in a 30 mm. diam. tube. 

Fractions A 1—A4 and B 1—B4 were combined (denoted C) 
and submitted to chromatographic separation on 300 g. of 
activated Al,O, packed in a tube of 30 mm. diam. Of the 
eight resulting fractions, the first, C 1 (5-99 g., iodine val. 6-6) 
which had been eluted with 1200 ml. light petroleum 
(b.p. 50-60°) was distilled at 0-1 mm. in a 50x1-8 cm. 
fractionating column (£) described by Shorland (1952) and 
yielded the following fractions: D1, 0-79 g., saponification 
equivalent 331-2, iodine value 7-6, unsaponifiable matter 
15-4%; D2, 1-22 g., saponification equivalent 347-8, iodine 
val. 2-8, unsaponifiable matter 10-2%; D3, 2-18 g., saponi- 
fication equivalent 375-4, iodine val. 3-9, unsaponifiable 


matter 19-7%; D4, 1-0lg., saponification equivalent 
401-5, iodine val. 4-4, unsaponifiable matter 21-5%; DR, 
0-75 g., saponification equivalent 271-2, iodine val. 30-7. 


Table 1. Fractional distillation of methyl esters 
soluble in acetone at —'78° 


Todine 
value 
(Wijs) 
86-9 
138-2 
141-2 
152-7 
252-0 
1593 


Saponi- 

Wt. 3B.p(0-1 mm.) fication 

Fraction (g.) (°) equiv. 
4-20 68-134 291-7 
13-77 134 308-3 
14-16 134 304-8 
14-00 134-137 310-8 
4-36 137-147 329-0 
6-86 393-6 


57-35 


Residue 
Total 


Table 2. Chromatographic separation of 
methyl esters (fractions A and B) 


(Each fraction 1200 ml.; L.P.=light petroleum, b.p. 

50-60°.) 
Fraction A. 37-3 g. 

Todine 
value 

28-5 

14-7 

25-9 

75-4 
107-2 
:ether (98:2) 132-3 
:ether (98:2) 168-1 
:ether (98:2) 182-1 
:ether (98:2) 203-8 

.P.:ether (90:10) 220-0 
L.P.:ether (90:10) 234-0 
Ether 205-9 
Ether: ethanol (50:50) 129-1 


Wt. 

Fraction (g-) 
Al 0-33 
A2 1-53 
A3 5-81 
3-70 
2-44 
2-58 
7-59 
3-66 
2-79 
3°35 
2-04 
1-48 
0-55 
37-85 
Fraction B. 15-88 g. 

Bl 1-19 
B2 2-64 
B3 2-60 
B4 1-34 
B5 1-02 
B6 3-68 
B7 1-82 
B8 1-43 
B9 0-39 
Total 16-11 


Eluant 


EE Ee et tft fot 
Paro rd Fe Fo Po hd ho oF 


Total 


.P.:ether (98:2) 
.P.: ether (98:2) 
.:ether (98:2) 
.:éther (90:10) 
Ether 
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Table 3. Comparison of properties of fraction E 2 (from unhydrogenated butterfat) 
and Eq1bL (from hydrogenated butterfat) 
Saponi- Iodine C-methyl 
fication Analysis* value content* Refractive Optical 
Fraction equiv. (%) (Wijs) (%) index rotation 
E2 312-0 C, 76-6 0-0 12-7 20 1-4533 (a}}8> 41-1 
H, 12-4 (CHCI,) 
EqlbL 314-5 C, 77-2 0-0 13-4 n® 1-4513 Nilt 
(Hansen & Shorland, 1951) H, 13-1 
Calculated for Cy>H4 0, 312-5 C, 76-8 
H, 12-9 


* By Weiler and Strauss, Oxford. 


¢ The specific rotation [«]p of this fraction had been determined as +0-58°, using 0-17 g. material in 5 ml. chloroform, 
but as the observed mean rotation ap of 0-01° was within experimental error, a zero activity was recorded. 


Fractions D 1—D 4 were combined (denoted E), saponified, 
and after removal of unsaponifiable matter, reconverted to 
methyl esters. The methy] esters (3-46 g.) were then distilled 
at approx. 0-1 mm. in a 40 x 1-0 cm. column (D) described 
by Shorland (1952) and yielded the following fractions: E.1, 
0-68 g., saponification equivalent 319-9, iodine val. 0-5; 
E2, 2-07 g., saponification equivalent 324-1, iodine val. 0-0; 
ER, 0-62 g., saponification equivalent 319-0, iodine val. 9-3. 

The properties of the E2 acids are given in Table 3. The 
molecular extinction (¢) at 219 mu. =175, was determined 
with a Beckman spectrophotometer model DU. 


DISCUSSION 


The saponification equivalent and combustion 
analysis of E2 are in agreement with the require- 
ments for a fatty acid with empirical formula 
C.9H,,02, while the C-methyl determination which 
is equivalent to 2-64 mol. acetic acid points to the 
presence of three and possibly four methyl or homo- 
logous groups (cf. Ginger, 1944). Evidence indi- 
cating this fraction to be saturated is provided by 
the zero iodine value. The molecular extinction 
value (c) of 175 at 219 my. as compared with a value 
of about 14000 for an af-unsaturated ester as 
reported by Cason & Sumrell (1951) indicates that 
no «B-unsaturated material is present. Although no 
true melting point could be observed for this liquid 
it was found that its viscosity increased with 
decreasing temperatures and at — 65° it assumed 
the appearance of a glassy solid. The acid reported 
earlier (Hansen & Shorland, 1951) on re-examina- 
tion showed a. similar behaviour when reduced to an 
equally low temperature. 


As only the most soluble portion of the crude C,, 
acids was investigated, the weight of the Cy 
branched-chain acid isolated (about 0-006 % of the 
butterfat) probably represents only part of the total 
amount present. 

The physical and chemical properties of E 2 acids 
correspond closely with those of a fraction Eq 1bL 
which was earlier isolated (Hansen & Shorland, 
1951) from butterfat by methods which included 
hydrogenation (see Table 3). 

As fraction EqlbL was isolated from hydro- 
genated butterfat it was not ascertained if it 
existed in the original butterfat in the saturated or 
unsaturated state. The present work, however, was 
carried out without recourse to hydrogenation, and 
apart from substantiating the former investigation, 
it establishes that at least part and possibly all of 
this C,, multibranched fatty acid is present in 
butterfat as a saturated constituent. 


SUMMARY 


The present paper confirms the occurrence in 
butterfat of a multibranched C,, fatty acid fraction, 
and establishes that this acid exists in the original 
butterfat (in part or in whole) as a saturated con- 
stituent. 


The sample of butterfat used in this work was churned on 
19 November 1946, and supplied by the Rangitaiki Plains 
Dairy Co-operative Co., Whakatane, through the courtesy 
of Dr F. H. McDowall, Chief Chemist, The Dairy Research 
Institute (N.Z.), Palmerston North. Technical assistance by 
Mrs M. L. Janus is gratefully acknowledged. 
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The Activation of Fatty Acid Oxidation by 


Kidney and Liver Mitochondria 


By J. D. JUDAH anv K. R. REES 
Department of Morbid Anatomy, University College Hospital Medical School, 
and Department of Biochemistry, University College, London 


(Received 7 November 1952) 


Lehninger (1945) has shown that the initiation of 
fatty acid oxidation in cell-free preparations of 
animal tissues must be accompanied by oxidative 
phosphorylation. Grafflin & Green (1949) considered 
that the co-oxidation of a citric-acid cycle inter- 
mediate is also necessary to provide oxaloacetic acid 
to condense with the two-carbon fragments formed 
in the breakdown of fatty acids. The condensation 
thus permits the complete oxidation of the fatty 
acid via the citric acid cycle. Kennedy & Lehninger 
(1951), however, have demonstrated that the oxida- 
tion of reduced diphosphopyridine nucleotide will 
prime the oxidation of octanoate and palmitate by 
rat-liver mitochondria. This oxidation gives rise to 
phosphorylation generating adenosine triphosphate, 
but no citric-acid cycle intermediate is involved. 

The present paper considers these apparently 
conflicting views of fatty acid oxidation in mito- 
chondrial systems. During these investigations 
2:4-dinitrophenol (DNP) and fluoroacetic acid 
have proved useful reagents for the analysis of the 
fatty acid oxidase system. 


EXPERIMENTAL 
Methods 


Enzyme preparations. Preparations of mitochondria 
from liver and kidney were made by the method of Schneider 
(1948) using 0-25 M-sucrose as the medium. 

Estimations. Measurement of oxygen uptake was by the 
method of Warburg. Acetoacetate was estimated by an 
unpublished method of Dr A. L. Greenbaum. 


Materials 


Adenosine 5’-phosphate (AMP), obtained commercially, 
was crystallized twice from hot water. On spectrophoto- 
metric analysis (Kalckar, 1947) and by paper chromato- 
graphy (Hanes & Isherwood, 1949) it was pure. 

Adenosine diphosphate (ADP), prepared as described by 
LePage (1949), was used occasionally as phosphate acceptor ; 
by chemical and spectrophotometric analysis it was found to 
be approximately 95% pure. 

Adenosine triphosphate (ATP) was prepared by the 
method of Dounce, Rothstein, Beyer, Meier & Freer (1948). 
By chemical and spectrophotometric analysis it was found 
to be 98 % pure. 

Creatine phosphate was prepared by the method of Ennor 
& Stocken (1948). 


Creatine phosphokinase was prepared by the method of 
Racker & Krimsky (1948). 

Sodium citrate and sodium L-malate were commercial 
preparations. 

Octanoic acid was obtained commercially and distilled in 
vacuo. 

Sodium fluoroacetate was provided by Dr R. A. E. 
Galley of the Agricultural Research Council. 

Cytochrome ¢c was prepared by the method of Keilin & | 
Hartree (1937) and dialysed against distilled water. 

The medium had the following composition (final concen- 
tration in brackets): phosphate buffer (0-025m), pH 7-4, 
adenosine 5’-phosphate (0-001m), MgSO, (0-0067m), KCl 
(0-025), cytochrome c (10 uM), mitochondrial suspensionin | 
0-25 M-sucrose, and water to a final volume of 3 ml. It is 
referred to as the ‘standard’ medium. 

Gas phase in all experiments was air, and the temperature | 
of incubation was 38°. 


RESULTS 


Oxidation of octanoic acid by mitochondria 


It was necessary to obtain a system in which the 
priming of octanoate oxidation could be achieved 
by a substrate which is not an intermediate in the 
citric acid cycle. B-Hydroxybutyrate is such a 
substrate (Lehninger & Smith, 1949), its oxidation 
giving rise to the phosphorylations shown to be 
necessary for the priming reaction. We have tested 
the ability of B-hydroxybutyrate to prime the oxi- 
dation of octanoate, in mitochondria prepared from 
three tissues. Table 1 shows the effect of L-malate, 
a citric acid cycle intermediate, and f-hydroxy- 
butyrate with rabbit-liver and rabbit-kidney mito- 
chondria. In both cases B-hydroxybutyrate failed 
to activate fatty acid oxidation. 

Rat liver was next investigated. In preliminary 
experiments rat-liver mitochondria, washed four 
times with isotonic sucrose (0-25M), required no 
primer to initiate octanoate oxidation as was also 
found by Kennedy & Lehninger (1951). There was 
no residual respiration in these particles and we are 
unable to explain the results. In further experi- 
ments it was found that washing the mitochondria 
with isotonic (0-15mM) potassium chloride removed 
the ability of the particles to oxidize octanoate 
without a primer. After this treatment B-hydroxy- 
butyrate effectively primed the oxidation of 
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Table 1. The priming of octanoate oxidation in rabbit-kidney and rabbit-liver mitochondria 


(The standard incubation medium was used. 5 moles octanoate added and primer, as indicated. Duration of experi- 
ments: 40 min. with rabbit-kidney mitochondria; 20 min. with rabbit-liver mitochondria.) 


Oxygen uptake (yl.) 





Z 

Expt. Complete No No 
no. Tissue Primer system octanoate primer 

1 Rabbit kidney f-Hydroxybutyrate (3 umoles) 53 27 40 
L-Malate (3 wmoles) 300 108 40 
2 Rabbit kidney B-Hydroxybutyrate (10 umoles) 34 47 10 
Rabbit liver B-Hydroxybutyrate (10 umoles) 14 14 2 
L-Malate (3 umoles) 51 18 2 


Table 2. The priming of octanoate oxidation by rat-liver mitochondria 


(The mitochondria were washed twice with isotonic KCl after two sedimentations from isotonic sucrose. The standard 
incubation medium was used, with octanoate (5umoles), B-hydroxybutyrate (10 umoles), L-malate (3 umoles) and ATP 


(5umoles) where indicated.) 


Oxygen uptake (yl.) 





Duration c 
Expt. of Expt. Complete No No 
no. (min.) Primer system octanoate primer 

1 30 B-Hydroxybutyrate 170 46 2 
B-Hydroxybutyrate 119 29 Nil 
L-Malate 214 85 * Nil 
2 20 ATP 218 Nil Nil 
B-Hydroxybutyrate 236 29 Nil 


Table 3. The effect of DNP on fatty acid oxidation by mitochondria from rat liver and rabbit kidney 


(The standard incubation medium was used. Further additions as indicated, at the following concentrations: octanoate 


(5pmoles), acetate (30 umoles), B-hydroxybutyrate (10 umoles), ATP (5 umoles), L-malate (5 wmoles).) 


O, uptake 
(ul./10 min.) 
ta 
Washing of 2x 10-5- No 
Tissue mitochondria Primer Substrate DNP DNP 
Rat liver KCl B-Hydroxybutyrate Octanoate 10 70 
Rat liver KCl ATP Octanoate 59 66 
Rat liver KCl Creatine phosphate (20 umoles), Octanoate 91 98 
ADP (3 umoles) and creatine 
phosphokinase (0-3 ml.) 
Rat liver Sucrose ATP Octanoate 12 17 
Rabbit kidney Sucrose L-Malate Acetate 67 130 
Rabbit kidney Sucrose ATP +1-malate Acetate 69 128 


octanoate by rat-liver mitochondria. Table 2 shows 
the results of a typical experiment. We decided, 
therefore, to test the effect of ATP on the oxidation 
of octanoate by rat-liver mitochondria. Table 2 also 
shows that in the presence of particles washed with 
potassium chloride ATP was as effective as f- 
hydroxybutyrate in the priming reaction. 

One possible explanation of the failure of B- 
hydroxybutyrate to prime fatty acid oxidation in 
rabbit-kidney mitochondria is that it is due to the 
small ability of these preparations to form aceto- 
acetate from octanoate. For this reason the co- 
oxidation of a tricarboxylic acid cycle intermediate 
is essential, since the fatty acid oxidation must 
proceed via the cycle. 


The effect of 2:4-dinitrophenol (DNP) 
on fatty acid oxidation 


Table 3 shows the effect of DNP on octanoate 
oxidation in rat-liver mitochondria. In the presence 
of a large excess of ATP, there was no inhibition of 
the oxygen uptake. Moreover, the generation of 
ATP from creatine phosphate, creatine phospho- 
kinase and adenosine diphosphate substituted for 
ATP in this system. 

When the action of DNP was tested on sucrose- 
washed mitochondria oxidizing octanoate or acetate, 
ATP failed to prevent the inhibition (Table 3). It is 
presumed that ATP failed to reach the system in the 
sucrose-washed mitochondria, and that potassium 
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chloride washing in some way rendered the system 
more accessible to ATP. The action of DNP on the 
oxidation of fatty acid by mitochondria is probably 
due to an inhibition of the synthesis of ATP, which 
latter takes part in the priming reaction. 


The effect of fluoroacetate on fatty acid oxidation 


The most reasonable explanation for the inhibi- 
tion of fatty acid oxidation by fluoroacetate 
(Kalnitsky & Barron, 1948) is that this compound 
diminishes the oxidation of the primer and sub- 
sequent entry of C, units into the citric acid cycle. 
We wished to ascertain whether fluoroacetate or its 
activation products could in some other way inter- 
fere with the oxidation of fatty acids. 

Kennedy & Lehninger (1951) have shown that 
rat-liver mitochondria are able to oxidize octanoate 
to acetoacetate in the absence of a citric acid cycle 
intermediate. If it were possible to test the action of 
fluoroacetate in such a system, any further effects of 
the inhibitor should become apparent. However, it 
was first necessary to determine whether the pre- 
paration was capable of activating fluoroacetate. 
Fluoroacetate is converted to a fluoro-tricarboxylic 
acid, probably fluorocitric acid, which is the actual 
inhibitor (Buffa, Peters & Wakelin, 1951). This 
process probably follows the same path as the con- 
version of acetate to citrate. 

Preliminary experiments, with rat-liver mito- 
chondria showed that fluoroacetate was activated 
very poorly by this preparation as indicated by the 
experiments shown in Table 4. This is in remarkable 
agreement with in vivo experiments of Buffa & 
Peters (1949). It will be seen that the oxidation of 
citrate by rat-liver mitochondria was inhibited 
approximately 16%, whereas with rabbit-kidney 
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whereas the converse was true of rabbit-kidney 
mitochondria. We therefore decided to make use of 
these special properties of the different preparations, 
The plan of the experiment was the biosynthesis of 
‘fluorocitrate’ (Buffa e¢ al. 1951) by rabbit-kidney 
mitochondria, followed by the removal of these 
particles by centrifugation and substitution by rat- 
liver mitochondria. It is clear that this experiment 
should demonstrate any inhibitory action of 
fluoroacetate on fatty acid oxidation, other than 
interference with the entry of C, units into the citric 
acid cycle. 

Table 5 shows that a powerful inhibitor for 
citrate oxidation was formed in the presence of 
fluoroacetate, and that the apparent inhibition of 
fatty acid oxidation was approximately 20%. 
Acetoacetate analysis showed that this apparent 
inhibition was due to the complete oxidation of 
a small portion of octanoate in the control flask, 
i.e. the inhibitor had no action on the oxidation of 
octanoate to acetoacetate. 

It may be concluded that the action of fluoro- 
acetate on fatty acid oxidation is solely due to its 
interruption of the citric acid cycle. It has been 
found that fluoroacetate had no effect on oxidative 
phosphorylation in any tissue tested. 


Table 4. Fluoroacetate inhibition of citrate oxidation 
by rat-liver and rabbit-kidney mitochondria 


(The standard incubation medium was used. Citrate 
(30 umoles) in the side arm, was added after equilibration 
(10 min.). Fluoroacetate (3 zmoles) and L-malate (3 wmoles) 
were present in main chamber.) 


O, uptake (l./45 min.) 


No Fluoro- 


Inhibition 
(%) 
273 16 
87 57 


mitochondria the inhibition was 57 %. 

These experiments set a problem in that rat-liver 
mitochondria, which convert octanoate to aceto- 
acetate, were unable to activate fluoroacetate, 


fluoro- acetate 
acetate present 
328 
201 


Tissue 


Rat liver 
Rabbit kidney 


Table 5. The effect of the active inhibitor (‘fluorocitrate’) on citrate and octanoate oxidation 
by rat-liver mitochondria 


(Rabbit-kidney mitochondria, prepared from 16 g. of tissue, were suspended in 0-15M-KCl (final vol. of suspension, 
12 ml.). The particle suspension was incubated in open flasks at 38°. The medium contained (final concentrations in 
brackets): AMP (2 x 10-*m), phosphate buffer pH 7-4 (0-028m), MgSO, (0-0067m), cyt. c (3 x 10-5m), fumarate (0-006m), 
KCl (0-025m), fluoroacetate when present (0-0033M), and mitochondria equivalent to 5 g. of fresh tissue; final vol. in 
flasks, 35 ml. A simultaneous manometric experiment was made to determine cessation of oxygen uptake (approx. 4 hr.). 
The flask contents were then centrifuged at 20 000 g for 30 min. 2 ml. of the clear supernatants were added to the Warburg 
flasks. In addition, there were present 0-03 ml. of 0-2M-MgSO,, 0-015 ml. of 1-5m-KCl, 0-5 ml. of rat-liver mitochondrial 
suspension (in 0-25M-sucrose) and water to 3 ml. O, uptakes and acetoacetic acid accumulation corrected for oxidation of 


-hydroxybutyrate. 
ties ian ; Acetoacetate accumulated 


(umoles) 
eaminmesisnile 
Control 
i medium 


Oxygen uptake 
(u1./40 min.) 
Km —a 
Fluoroacetate 
medium 


x 
Fluoroacetate 
medium 


44 oiine — 
170 4:8 5-0 


Control 
medium 
175 
213 


Substrate 
Citrate (30 wzmoles) 
Octanoate (5 zmoles) + B-hydroxybutyrate 
(5 wmoles) 
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Activation of fluoroacetate 


Since it seems reasonable to suppose that the 
activation of fluoroacetate is analogous to that of 
acetate (Liebecq & Peters, 1949), we have tested the 
effect of DNP on the capacity of fluoroacetate to 
stop citrate oxidation by rabbit-kidney mito- 
chondria. Table 6 shows the results of a typical 
experiment. It can be seen that DNP protected the 
oxidation of citrate. When DNP, citrate and fluoro- 
acetate were incubated together the same pro- 
tective effect was observed. Table 7 shows an 
experiment in which DNP was placed in the side 
arm while citrate and fluoroacetate were in the main 
compartment; the DNP was tipped after the in- 
hibition became apparent. No reversal of the in- 
hibition was observed under these circumstances. 

It is concluded that, as expected, DNP abolishes 
the activation of fluoroacetate. Once the inhibitor 
is formed it appears to be stable in that added DNP 
fails to reverse its action. 


Table 6. The effect of DNP on the inhibition by 
fluoroacetate of citrate oxidation 


(The standard incubation medium was used, with rabbit- 
kidney mitochondria. Citrate (30 umoles) in the side arm; 
fluoroacetate (3moles), L-malate (3umoles) and DNP 
(2x 10->m) in the main chamber.) 


O, uptake 
DNP Fluoroacetate (l./60 min.) 
Absent Absent 550 
Present Absent 534 
Absent Present 318 
Present Present 540 


Table 7. The effect of DNP on an established 
inhibition of citrate oxidation by fluoroacetate 


(The standard incubation medium was used, with rabbit- 
kidney mitochondria. Citrate (30 pmoles), fluoroacetate 
(3umoles) in main chamber. The figures refer to the last 
10 min. of a 40-min. experiment, DNP (2 x 10-m) having 
been added from the side arm at 30 min.) 


O, uptake 
DNP Fluoroacetate (ul.) 
Absent Present 92 
Present Present 88 
Absent Absent 202 
Present Absent 199 


Table 8. The reversal by ATP of the effect of DNP 
on the fluoroacetate inhibition of citrate oxidation 


(All flasks contained standard medium, 30 zmoles citrate, 
5umoles ATP and 10-*m-DNP. Further additions as 
shown. Rabbit-kidney mitochondria prepared as usual 
and then washed once in 0-15M-KCl and resuspended in 


0-25 m-sucrose.) O, uptake (yl.) 


= ‘ 
Inhibition 2nd Inhibition 
30 min. (%) 


171 — 


. 
Fluoro- Ist 
acetate 30 min. (%) 
Absent 162 as 


Present 119 27 103 40 
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Reversal of the action of DNP on fluoroacetate 


Rabbit-kidney mitochondria were prepared and 
washed twice with isotonic potassium chloride. 
Table 8 shows that the protective effect of DNP is 
abolished in the presence of ATP. This result 
accords well with those reported earlier in this paper. 


DISCUSSION 


Kennedy & Lehninger (1951) demonstrated that the 
oxidation of reduced diphosphopyridine nucleotide 
(in the absence of added citric acid cycle inter- 
mediate) by rat-liver mitochondria activated fatty 
acid oxidation. They considered that the activation 
process did not appear to consist simply of a 
mechanism for generating ATP continuously, ATP 
alone not sufficing to activate the oxidation. In the 
present investigations, it has been found that with 
rat-liver mitochondria, which had been washed with 
potassium chloride, fatty acid oxidation could be 
initiated either by the addition of ATP or by ATP 
produced from creatine phosphate and creatine 
phosphokinase. 

Cross, Taggart, Covo & Green (1949) demon- 
strated that DNP inhibits fatty acid oxidation. We 
have found that the inhibition by DNP can be 
abolished by the addition of ATP itself or by an 
external generation of ATP via the creatine phos- 
phate-phosphokinase system. Thus DNP inhibition 
of fatty acid oxidation is probably an inhibition of 
the generation of ATP rather than a direct effect of 
DNP on the fatty acid oxidase system. 

Grafflin & Green (1949) considered that fatty acid 
oxidation depended on the simultaneous oxidation 
of an intermediate of the citric acid cycle. We have 
shown that this is not true of rat-liver mitochondria. 
Mitochondrial preparations from rabbit kidney have 
been found to oxidize B-hydroxybutyrate with the 
generation of ATP (Judah & Williams-Ashman, 
1951), but such systems failed to activate fatty acid 
oxidation. Thus in the case of rabbit-kidney pre- 
parations the co-oxidation of a citric acid cycle 
intermediate is essential for fatty acid oxidation, 
since the oxidation of this intermediate provides 
oxaloacetate for condensation with C, units derived 
from the fatty acid. 

Grafflin & Green (1949) have shown that rabbit 
liver can form acetoacetate from octanoate, and it is 
surprising that f-hydroxybutyrate, which is 
oxidized by rabbit-liver mitochondria with the 
generation of high-energy phosphate bonds, is 
unable to prime the oxidation of octanoate in this 
tissue. 

Kalnitsky & Barron (1948) demonstrated an 
inhibition of fatty acid oxidation by fluoroacetate in 
rabbit-kidney suspensions. We have shown that this 
inhibition is due solely to the block of citrate oxida- 
tion. Fluoroacetate appears to be activated 
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similarly to acetate in that its activation is inhibited 
by DNP and that this inhibition may be reversed by 
ATP. 

Judah (1951) demonstrated that the DNP in- 
hibition of pyruvate activation by sucrose-washed 
rat-liver mitochondria was reversed by ATP. This 
was in contrast to the DNP inhibition of octanoate 
activation. It was therefore considered that the 
activation of octanoate and pyruvate followed 
different pathways. Our present investigations 
have shown that DNP inhibition of fatty acid 
activation may be reversed if the mitochondria are 
washed with potassium chloride. In the case of 
sucrose-washed mitochondria it appears that ATP is 
unable to reach the active centre of the fatty acid 
oxidase system. 

Until we possess a greater knowledge of the 
organization of such mitochondrial systems, great 
care must be taken in interpretation of such results. 


SUMMARY 


1. It has been demonstrated that the oxidation of 
octanoate by rat-liver mitochondria may be 


activated by adenosine triphosphate or by a system 
generating adenosine triphosphate. 
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2. Rabbit-kidney and rabbit-liver mitochondria 
are unable to activate octanoate oxidation in the 
presence of adenosine triphosphate and require the 
co-oxidation of an intermediate of the citric acid 
cycle. The different requirements of the three tissues 
are discussed. 

3. The action of 2:4-dinitrophenol on fatty acid 
oxidation is shown to be due to the inhibition of 
adenosine triphosphate synthesis. Reversal of this 
inhibition by adenosine triphosphate has been 
demonstrated. 

4. The activation of fluoroacetate has been 
studied. 2:4-Dinitrophenol prevents its activation 
and this effect can be suppressed by adenosine 
triphosphate. 

5. The effect of fluoroacetate on fatty acid oxida- 
tion is due solely to its inhibition of the citric acid 
cycle. 
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Detection and Identification of Some Metabolites of isoNicotinic Acid 
Hydrazide (Isoniazid) in Human Urine 


By W. F. J. CUTHBERTSON, D. M. IRELAND anp W. WOLFF 
Glaxo Laboratories Lid., Greenford, Middlesex 


(Received 26 March 1953) 


Kelly, Poet & Chesner (1952) have investigated the 
metabolic fate of isoniazid (pyridine-4-carboxy- 
hydrazide) in dogs. After the oral administration of 
isoniazid (5 and 20 mg./kg. body weight), 20-50% 
of the drug was excreted unchanged in the first and 
1-5 % in the second 24hr. isoNicotinic acid was 
isolated and identified as a major metabolite, 
20-40 % of the dose being excreted in this form. They 
also reported the possible presence of small amounts 
of N’-methylisonicotinic acid hydrazide in the urine, 
but they could not identify N’-methylisonicotin- 
amide or isonicotinamide as metabolites. 

We have studied qualitatively by means of paper 
chromatography and ionophoresis - the tertiary 
pyridine metabolites in urines of human subjects 
dosed with isoniazid. Our results suggest some 
differences between the metabolism of isoniazid in 
men and that in dogs. A preliminary communica- 
tion of the methods used for detecting and identi- 
fying tertiary pyridine compounds has_ been 
published (Cuthbertson & Ireland, 1952). 


EXPERIMENTAL AND RESULTS 


Human urine. Six 24-hr. urines were collected from 
patients undergoing isoniazid therapy who received 100 mg. 
isoniazid orally every 12 hr., irrespective of their body 
weight: all these patients had been treated with isoniazid at 


this level for at least 2 months. Five of the subjects were 
under treatment with streptomycin (1 g. 3 or 7 times weekly) 
and isoniazid, while one was receiving p-aminosalicylic acid 
in addition to streptomycin and isoniazid. Neither strepto- 
mycin nor p-aminosalicylic acid interfered with the detec- 
tion of the tertiary pyridine compounds on paper chro- 
matograms. 

Healthy subjects not undergoing isoniazid therapy 
provided 24 hr. urines for controls. 

Reference compounds. The compounds listed in Table 1 
were obtained commercially or as gifts, except isonico- 
tinoylglycine, which was prepared by the method of Fox & 
Field (1943) for nicotinoylglycine. 

Paper chromatography. This was carried out by the de- 
scending technique with Whatman no. 1 and Whatman no. 4 
papers at room temperature. The solvent front was allowed 
to travel about 36cm. Slight variations in Ry values, 
particularly in urine samples, were prevented by running 
reference compounds on each chromatogram. For urines or 
urine concentrates, on account of the concentration of solids, 
the reference compounds were added to a sample prepared 
from control urine. The solvent systems used were n-butanol 
saturated with water and ethyl methyl ketone: acetic acid: 
water (49:1:50; Kodicek & Reddi, 1951) and n-propanol: 
water’ (4:1). After development the paper was air-dried. 
The Ry values (Whatman no. | paper) for nicotinoylglycine 
in n-butanol: water and n-propanol: water were 0-08 and 
0-35 respectively; the corresponding values for isonico- 
tinoylglycine were 0-08 and 0-33. The Ry, values for the 
other compounds listed in Table 1 have been recorded 


Table 1. Colours produced on paper by some tertiary pyridine compounds in the Kénig reaction 


(Colours obtained from 10 yg. of compound on Whatman no. 4 paper. Colour of fluorescence in ultraviolet light is given 


in parentheses.) 
Colour after 
cyanogen 7 
bromide p-Aminobenzoic 
treatment acid 


Yellow (Yellow) 


Compound 


Nicotinic acid Pale yellow 


isoNicotinic acid None None 


Yellow (Yellow) 
None 
Yellow (Yellow) 


Nicotinamide Pale yellow 
None 


Pale yellow 


isoNicotinamide 

Nicotinic acid 
hydrazide 

Isoniazid Very pale yellow 
(Light-blue) 


Pale pink 


None 
(Light-blue) 


Nicotinoylglycine Pale yellow 


Purple Fugitive purple 


isoNicotinoylglycine 


Colour with condensing reagents applied after cyanogen bromide treatment 


~ 


3-Methyl-1-phenyl- p-Amino- 


Benzidine pyrazolone acetophenone 

Red Red-yellow turning Orange 
brown-green 

Pale light blue Pale purple turning Pale pink 
blue 

Orange-red Red turning green Yellow 

Purple Purple turning blue Pink 

Orange Yellow-orange Yellow 

Pale yellow- _‘ Pale green Pale yellow 

green 
— Red-brown turning — 

pink 

Blue Purple turning blue — 
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(Cuthbertson & Ireland, 1952). The R,y values of the 
nicotinic acid derivatives are almost identical with those of 
the corresponding isonicotinic acid derivatives. Within each 
series the R» values of the acids, amides and hydrazides are 
well separated. The Ry values of the hydrazides and amides 
are not greatly affected by the pH of the aqueous phase of 
the solvent system, whereas the Ry values of the acidic 
compounds alter. with the pH of the solvent, as found by 
Kodicek & Reddi (1951). 

Paper ionophoresis. The apparatus of Latner (1952) and 
Whatman no. 4 and no. 1 papers were used with 0-05m- 
phosphate buffer, pH 6-5, and an applied potential of 250 v 
for 4hr. or 0-2m-potassium hydrogen phthalate buffer, 
pH 4-0, and an applied potential of 120 v for 15 hr. After 
the run the paper was air dried. In phosphate buffer, pH. 6-5, 
the acids moved towards the anode, whereas the basic 
compounds remained on or near the point of application. 
The mobilities of nicotinic acid and isonicotinic acid were 
identical but greater than the mobilities of nicotinoyl and 
isonicotinoylglycine, which also were identical. In phthalate 
buffer, pH 4-0, the basic compounds moved towards the 
cathode, whereas the acids remained on or near the point of 
application. The mobilities of the amides and hydrazides 
were identical. 


Table 2. Colours produced on paper by reaction of 
some tertiary pyridine compounds with picryl chloride 


(Colours obtained from 10 ug. of compound on Whatman 
no. 4 paper.) 
Colour in 
A ‘ 
NH, vapour 
Red 
Red 
Red 
Red 
Red 


Air 
Pale yellow 
Pale yellow 
Pale yellow 
Pale yellow 
Red 


Compound 
Nicotinic acid 
isoNicotinic acid 
Nicotinamide 
isoNicotinamide 
Nicotinic acid 

hydrazide 
Isoniazid 
Nicotinoylglycine 
isoNicotinoylglycine 


Purple 
Yellow-brown 
Green 


Purple 
Yellow-brown 
Green 


Detecting reagents 


Cyanogen bromide. The detection and identification of 
some tertiary pyridine compounds on paper chromatograms 
has been described by Kodicek & Reddi (1951) and Huebner 
(1951). The general method, based on K@nig’s (1904) 
reaction, was to apply to the developed and dried chromato- 
gram cyanogen bromide followed by a primary aromatic 
amine. The amines used were p-aminobenzoic acid (Kodicek 
& Reddi, 1951) and benzidine (Huebner, 1951). We found 
that p-aminobenzoic acid gave excellent results with the 
nicotinic acid derivatives but little or no colour with 10 yg. 
of the isonicotinic acid derivatives. Benzidine gave good 
and different colours with all the compounds, although some 
colours varied in reproducibility. 

Cyanogen bromide was conveniently applied by leaving 
the dried paper over a few crystals of the reagent for 
30 min. in a closed vessel. We also used as coupling reagents 
p-aminoacetophenone (1%, w/v, solution in ethanol: water, 
1:1,v/v) and 3- methyl - 1 - phenylpyrazol -5 - one (saturated 
aqueous solution kept in the refrigerator in a brown bottle). 
The latter was prepared by the method of Knorr (1883) and 
has been used by Epstein (1947) and Boxer & Rickards 
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(1951) in cyanide and cyanocobalamin assay methods 
respectively. The p-aminoacetophenone reagent was not 
sensitive with less than 10 ug. of the compounds and gave 
fading colours. The 3-methyl-1-phenylpyrazol-5-one re. 
agent gave characteristic colours with amounts of the com. 
pounds tested greater than 5 ug. The colours obtained with 
eight tertiary pyridine compounds on paper after cyanogen 
bromide treatment and subsequent spraying with the various 
condensing reagents are summarized in Tablel. Some of the 
spots were fluorescent when exposed to ultraviolet light 
from a low pressure mercury lamp with a filter transmitting 
mainly at 254 my. 

Picryl chloride. Picryl chloride (2-chloro-1:3:5-trinitro- 
benzene) has been used for the detection and estimation of 
hydrazine (Kulberg & Cherkesov, 1951). We found that this 
compound (1-5%, w/v, in ethanol), applied to the air-dried 
chromatogram by dipping the paper quickly in the reagent, 
gave with the tertiary pyridine compounds characteristic 
coloured spots after 30-60 min. exposure to air or to NH, 
vapour. About 5g. could be detected with this reagent. 
The colours produced are summarized in Table 2. The 
reagent gave a useful complementary and confirmatory 
test for the detection of the metabolites of isoniazid. 

Other reagents. 1-Fluoro-2:4-dinitrobenzene (1%, v/v, in 
ethanol) gave colours similar to those obtained with picryl 
chloride, but they developed more slowly. 1-Chloro-2:4- 
dinitrobenzene (1%, w/v, in ethanol), used for the estima- 
tion of isoniazid by Scott (1952), gave yellow-orange colour 
with the hydrazides, but was not as sensitive as picryl 
chloride. The reagent did not appear to react effectively 
with the other tertiary pyridine compounds. The hydra- 
zides, but not the other compounds, could also be detected 
by spraying the dried chromatogram with dimethylamino- 
benzaldehyde (Dalgliesh, 1952), when orange-yellow colours 
developed after 24 hr. at room temperature, or by spraying 
with diazotized p-nitraniline followed by 20% Na,CO, 
(Bray, Thorpe & White, 1950), when yellow colours im- 
mediately appeared, though these faded in a few hours. 


Investigation of human urine 


Samples (5 ml.) of the 24hr. urines (pH 6-7) from 
patients who had ingested isoniazid were freeze-dried. The 
dried residue was suspended in 0-5 ml. of distilled water, and 
50 yl. of the supernatant liquid were applied to the chro- 
matogram paper in five successive 10 yl. portions, each spot 
being dried before the next 10 ul. was applied. Concentrates 
prepared in the same way from urine of subjects used as 
controls were applied to the same paper. To similar con- 
centrates pure isonicotinic acid derivatives (10 ug./50 yl.) 
were added. Another concentrate of control urine was pre- 
pared with 100 ug./50 pl. of added isoniazid. These concen- 
trates were also applied to the paper. The chromatogram 
was developed with n-butanol: water or n-propanol : water 
and subsequently treated with cyanogen bromide and 
methylphenylpyrazolone or benzidine, or with picryl 
chloride. Examination of the treated papers showed, for 
urines of all six subjects, two spots not present in control 
urines. They had the same Ry values and colours as those 
obtained from the controls with added isonicotinoylglycine 
and isonicotinic acid respectively. 

Isoniazid was detected in the concentrates of the urine of 
only one of the six subjects. The isoniazid in the control 
concentrates to which 10g. had been added was easily 
detected. In the control concentrate with 100 yg. isoniazid 
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no breakdown products of isoniazid, such as isonicotinic 
acid, were detected. 

Hydrolysis of isonicotinoylglycine. To demonstrate the 
production of isonicotinic acid and glycine by hydrolysis of 
the metabolite thought to be isonicotinoylglycine, it was 
necessary to purify the urine. Urine (200 ml.) was adjusted 
to pH 2-5 with HCl and extracted continuously with ether 
for 16 hr. The residual aqueous solution was neutralized 
with NaOH, concentrated in vacuo and filtered from the 
precipitated solids. The final volume was 10 ml. One ml. of 
this solution was applied to paper as a thin streak and 
chromatographed with n-propanol: water. The band con- 
taining the isonicotinoylglycine was cut out and eluted with 
three successive 20 ml. of distilled water. The combined 
water extracts were concentrated in vacuo to 1 ml.which was 
applied to paper as a streak and subjected to ionophoresis in 
phosphate buffer pH 6-5. The band containing the isonico- 
tinoylglycine was again cut out, eluted, concentrated, 
chromatographed and eluted as before. Part of the final 
eluate was chromatographed and the remainder was hydro- 
lysed by heating at 100° for 3 hr. in 5N-HCl in a sealed tube. 
The hydrolysate was neutralized with NaOH and chromato- 
graphed. In the hydrolysed eluate isonicotinoylglycine was 
no longer detectable, but substances giving the same Rp 
values and colour reactions as isonicotinic acid and glycine 
were present. Glycine was detected by spraying with nin- 
hydrin (0-5 %, w/v, in n-butanol). 


DISCUSSION 


Elmendorf, Cawthon, Muschenheim & McDermott 
(1952) have reported that the 24hr. urinary ex- 
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cretion of isoniazid after ingestion of a single dose 
(3 mg./kg.) by six human subjects varied from 
47-8 to 70-7 % of the dose. In five of the six cases 
reported here no isoniazid was detected on paper 
chromatograms, indicating that less than 20% of 
the total ingested dose of isoniazid had been 
excreted unchanged in 24hr. In the one case 
where isoniazid excretion was detected it was 
calculated that about 20% of the dose had been 
excreted unchanged in 24 hr. 


SUMMARY 


1. Methods are described for detecting and 
identifying some tertiary pyridine compounds, in 
particular pyridine-4-carboxy derivatives. 

2. The probable identities of two metabolites 
excreted in urine by human subjects treated with 
isoniazid (pyridine-4-carboxyhydrazide) have been 
established as isonicotinoylglycine and zsonicotinic 
acid. Large amounts of unchanged isoniazid were 
not excreted. 


We are indebted to Dr A. Kuper of the Brompton 
Hospital, London, for the supply of urine samples, to 
Dr E. Kodicek for a gift of nicotinoylglycine, to Dr J. 
Attenborough for specimens of nicotinic acid hydrazide and 
isonicotinamide, and to Dr L. F. J. Parker for carrying out 
the ionophoretic separations. 
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The Action of Some Water-soluble Poly-«-amino Acids on Bacteria 


By E. KATCHALSKI, L. BICHOWSKI-SLOMNITZKI anp B. E. VOLCANI 
The Weizmann Institute of Science, Rehovoth, Israel 


(Received 28 March 1953) 


It has been shown that different bacteria and fungi 
secrete antibacterial polypeptides (for review, see 
Synge, 1949). The work of Bloom, Watson, Crom- 
artie & Freed (1947) and Bloom & Blake (1948) 
showed that cells of higher animals, as well, may 
excrete antibacterial substances of a peptide nature. 
These facts encouraged us to study the biological 
properties of water soluble poly-«-amino acids (for 
review see Katchalski, 1951). 


Poly-pt-alanine (Astbury, Dalgliesh, Darmon & 
Sutherland, 1948) was chosen as representative of 
the neutral polyamino acids. It is the only known 
water-soluble member of this group. The synthetic 
poly-L-aspartic acid (Berger & Katchalski, 1951) 
and the natural poly-p-glutamic acid (Hanby & 
Rydon, 1946) were selected as representatives of the 
acidic polyamino acids. Poly-t-lysine and poly-DL- 
lysine (Katchalski, Grossfeld & Frankel, 1948) as 
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well as poly-DL-ornithine and poly-DL-arginine 
(Katchalski & Spitnik, 1951) were selected as 
representatives of the basic polyamino acids. 

In the following study the effect of the various 
polyamino acids on Escherichia coli and Staphylo- 
coccus aureus (Micrococcus pyogenes var. aureus) is 
described, and an attempt is made to elucidate the 
mode of interaction between the bacterial cell and 
the polyamino acids. 

Some preliminary notes on our work have 
appeared (Katchalski, Bichowski-Slomnitzki & 
Voleani, 1951, 1952). Burger & Stahmann (1952) 
have reported independent observations on the 
action of lysine peptides on bacteria. Their findings 
were in accord with our own data on the inhibition of 
bacterial growth and on agglutination. 


MATERIALS AND METHODS 


Poly-x-amino acids. Poly-t-lysine and poly-pt-lysine 
hydrochlorides with an average degree of polymerization 
n =30 to 35, were prepared according to Katchalski e¢ al. 
(1948). Poly-px-ornithine hydrochloride (n =27) and poly- 
DL-arginine sulphate (n =27) by the method of Katchalski & 
Spitnik (1951), and poly-L-aspartic acid (n =70) according 
to Berger & Katchalski (1951). Poly-p-glutamic acid 
derived from Bacillus anthracis was kindly supplied by 
Dr H. N. Rydon (cf. Hanby & Rydon, 1946). Poly-p1- 
alanine was prepared according to Astbury ef al. (1948). 

Lysine peptides. Di-L-lysine dihydrochloride was pre- 
pared according to Erlanger & ‘Brand (1951), tri-L-lysine 
trihydrochloride according to Brand, Erlanger, Polatnick, 
Sachs & Kirschenbaum (1951) and tetra-L-lysine tetra- 
hydrochloride according to Waley & Watson (1953). 

The above polyamino acids and peptides were used in 
aqueous solutions adjusted to pH 7-0. The acidic polyamino 
acids were dissolved as sodium salts. 

Organisms. Escherichia coli and Staphylococcus aureus 
were obtained from the Department of Bacteriology, Hebrew 
University Hadassah Medical School, Jerusalem. 

Media. The synthetic medium used in the growth experi- 
ments with Esch. coli contained (NH,),HPO,, 0-5 g.; 
KH,PO,, 0-035 g.; NaCl, 0-2 g.; MgSO,, 7H,0, 0-03 g., and 
glucose, 0-3 g. in 100 ml. distilled water. pH adjusted to 7-4. 

The semi-synthetic medium for the growth of Staph. 
aureus contained: acid casein hydrolysate vitamin free 
(Nutritional Biochemicals Inc.), 3 ml.; Na,HPO,, 12H,0, 
0-25 g.; KH,PO,, 0-035 g.; NaCl, 0-15 g.; MgSO,, 7H,0, 
0-03 g.; vitamin mixture solution (Henderson & Snell, 
1948), 1 ml.; traces of FeSO,, 7H,O and MnSO,, and 
glucose, 0-3 g. in 100 ml. distilled water, pH adjusted to 7-4. 

Bacterial suspensions. The number of viable cells was 
determined by plating. The turbidity of the suspensions was 
measured with the Klett-Summerson photoelectric colori- 
meter using a red filter no. 64 (640 my.). A viable cell count 
of 1-2 x 10° cells was found to correspond to 0-031 mg. 
nitrogen (Kjeldahl). 

In the growth experiments, 24 hr. old cultures on Difco 
nutrient agar were harvested and resuspended in saline to 
10? viable cells/ml. Each test tube was inoculated with 
0-1 ml. In respiration and viability experiments, 20 hr. old 
cultures on nutrient agar containing 0-2% glucose were 
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harvested, washed twice with saline, and resuspended in 
0-066 m-phosphate buffer of pH 7-4 to 4 x 10° viable cells/ml, 
In electrophoresis, adsorption and agglutination experi- 
ments, 20 hr. old cultures grown on nutrient agar were used, 
The organisms were washed twice with the salt or buffer 
solution used in the final experiment, and resuspended in the 
same salt or buffer solution to the required concentration. 

Growth tests. 18 x 150 mm. rimless Pyrex test tubes con- 
taining 2-5 ml. of a double-strength synthetic or semi- 
synthetic medium were capped and autoclaved for 15 min. at 
15 Ib. The various polyamino acids were added aseptically 
as aqueous solutions, previously sterilized by autoclaving. 
The volume was adjusted to 4-9 ml., and each tube inocu- 
lated with 10° organisms in 0-1 ml. saline. Growth was 
recorded turbidimetrically after incubation at 37° for 24 hr. 
Each test was conducted in duplicate. 

Respiration experiments. The conventional Warburg 
manometric technique was employed. Each vessel con- 
tained 2 ml. fluid consisting of: 0-5 ml. 0-066 M-phosphate 
buffer pH 7-4; 0-5ml. poly-L-lysine solution; 0-5 ml. 
0-166m-glucose, and 0-5 ml. bacterial suspension. The 
centre well contained a folded strip of filter-paper moistened 
with 0-2 ml. of 10% KOH. In experiments where the im- 
mediate effect of poly-L-lysine on the respiration was 
measured, the bacteria were put into the side arm and were 
tipped after equilibration. When the effect of pre-incubation 
of bacteria with polylysine on their respiration was investi- 
gated, the glucose was kept in the side arm and tipped after 
1, 3 and 6 hr. respectively. The flasks were shaken at a rate 
of 90 oscillations/min. at a constant bath temperature of 
37°. Air atmosphere was used and readings taken at 10 min. 
intervals. 

Electrophoresis experiments. These were performed at 22° 
in the apparatus of Northrop & Kunitz (1925). The position 
of the stationary layer was determined according to 
Abramson, Moyer & Gorin (1942). A Spencer phase-contrast 
turret condenser, a x 20 dark medium objective and x25 
ocular provided the optical system (Hartman, Bateman & 
Lauffer, 1952). To 30 ml. of a bacterial suspension of 2 x 108 
viable cells/ml. prepared in various concentrations of NaCl 
or phosphate buffers different amounts of poly-L-lysine in 
0-3 ml. were added. The mixture was left at room tempera- 
ture for 5-10 min. and then introduced into the cataphoretic 
cell. The excursion time of twenty individuals was measured, 
at the stationary layer, over a distance of 50-100 y. with the 
current passing first in one and then in the reverse direction. 
The electrophoretic mobility (wu) in j/sec./volt/em. was 
calculated from the average velocity of the bacteria (v), 
current strength (J), the cross-section of the rectangular 
chamber (g) and the specific resistance (r) of the bacterial 
suspension by the formula (cf. Abramson et al. 1942): 


u=vg/Ir. 


Adsorption experiments. Bacterial suspensions containing 
a known number of organisms were mixed with equal 
volumes of poly-L-lysine solutions of known concentration. 
The mixtures were shaken for 5-10 min. at room temper- 
ature and the bacteria centrifuged off in a Servail high-speed 
centrifuge for 5 min. at 8500g. Preliminary experiments 
proved that the adsorption reached an equilibrium within 
this time interval. The amount of poly-L-lysine in the super- 
natant was determined as follows: to 5 ml. samples of the 
clear supernatant in a Pyrex test tube conc. HCl was added, 
to a final concentration of 10%. Larger samples, up to 
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25ml., were taken for hydrolysis when the adsorption 
experiments were carried out with low polylysine concentra- 
tions (1-20 yg./ml.). The tubes were sealed and autoclaved 
for 6 hr. at 151lb. The hydrolysates were evaporated to 
dryness in a vacuum desiccator over H,SO, and KOH, and 
the amount of L-lysine determined by a microbiological 
bioassay procedure, using a L-lysine-requiring mutant of 
Esch. coli grown in the minimum medium described by Davis 
& Mingioli (1950). From the data obtained the amount of 
poly-L-lysine adsorbed was calculated. 

Agglutination experiments. 1 ml. bacterial suspension, 
containing 2-4 x 10° organisms in 0-001 M-NaCl or 0-001 M- 
phosphate buffer pH 7-0, was mixed with 1 ml. of polylysine 
solution of specified concentration, in the corresponding 
medium, and the mixture incubated at 37°. The agglutina- 
tion was recorded after 0-5, 1, 2 and 24 hr. 


RESULTS 


Effect on bacterial growth. Tests in the presence of 
varying amounts of different polyamino acids 
showed that poly-pi-alanine, poly-p-glutamic acid 
and poly-L-aspartic acid up to concentrations of 
500 vg./ml. do not inhibit the growth of Esch. coli 
and Staph. aureus. The basic polyamino acids, on 
the other hand, caused growth inhibition even at 
low concentration. The minimum concentrations 
required to inhibit growth are given in Table 1. The 
data concerning the lysine peptides show that the 
antibacterial activity increases with molecular 
weight. u-Lysine did not inhibit growth even at 
concentration of 10 mg./ml. 

In order to clarify whether the growth-inhibiting 
effect of poly-L-lysine is bactericidal or bacterio- 
static, another set of experiments was carried out. 
Esch. coli and Staph. aureus were treated with poly- 
L-lysine under conditions similar to those given in 
Table 1. The test tubes in which complete growth 
inhibition occurred after 24 hr., were centrifuged, 
the supernatants discarded, and 5 ml. of a fresh 
sterile medium added. The tubes were then incu- 
bated for an additional 24 hr. at 37°. The action of 
polylysine was judged to be bacteriostatic where 
growth appeared after the above treatment. Poly- 
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L-lysine hydrochloride was found to be bacterio- 
static to Esch. coli within the range of 2-5-75 yg./ml. 
and to Staph. aureus within the range of 1-0 
75 pg./ml. Poly-pu-lysine hydrochloride acted as 
a bacteriostatic agent on both organisms at the 
concentration range 5-75 yg./ml. The above data 
show that optically active and racemic lysine 
polymers act as bacteriostatic agents in a rather 
wide range of concentrations. At concentrations 
higher than 75yg./ml. both polymers showed 
bactericidal activity. 

Reversal of poly-u-lysine growth inhibition by poly- 
L-aspartic and poly-D-glutamic acids. The data 
presented in Table 2 show that growth of Esch. coli 
in a mixture of poly-L-aspartic acid and poly-- 
lysine occurred only when the molar concentrations 
of the carboxyl groups of the acidic polymer 
approximately equalled or exceeded the molar 
concentration of the e-amino groups of the basic 
polymer. A similar antagonistic behaviour was 
found between poly-L-lysine and poly-p-glutamic 
acid. u-Aspartic and L-glutamic acids as well 
as L-lysine, up to concentrations of 1000 yg./ml. 
failed to reverse the growth inhibition of poly- 
lysine. 


Table 1. Minimum concentrations of lysine peptides 
and of basic poly-x-amino acids required to inhibit 
growth of Esch. coli and Staph. aureus 


(Test tubes containing different amounts of polyamino 
acids and peptides (0-500yug./ml.) in 5 ml. media, were 
inoculated with 10° organisms and incubated for 24 hr. at 
37°. Minimum concentrations in yg./ml. at which no increase 
in turbidity occurred are recorded below.) 


Esch. Staph. 
Peptides coli aureus 
Di-lysine hydrochloride 450 


Tri-L-lysine hydrochloride 150 
Tetra-L-lysine hydrochloride 


Poly-u-lysine hydrochloride 5 0-5 to 1-0 


Poly-pt-lysine hydrochloride 5 3 
Poly-pt-ornithine hydrochloride 10 5 
Poly-pL-arginine sulphate 10 5 


Table 2. Reversal of the growth-inhibiting action of poly-u-lysine on Esch. coli by poly-L-aspartic acid 


(To test tubes containing different amounts of poly-L-lysine in 4-7 ml. medium, inoculated with 10° organisms, varying 
amounts of poly-L-aspartic acid, in 0-3 ml. water, were added. Incubation at 37° for 24 hr. The final concentrations of 
polylysine hydrochloride and polyaspartic acid are given in wmoles of lysine hydrochloride and aspartic acid residues per 
ml. 1 wzmole lysine hydrochloride residue = 164-7 pg.; 1 zmole aspartic acid residue = 115 yug.; —, no growth; +, moderate; 


+ +, strong growth.) 


Polylysine 
hydrochloride 
(umoles lysine, 

residue/ml.) 0-0 0-01 
0 + + ++ 
0-025 - - 
0-050 - : 
0-10 - - 
0-20 - - 
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Poly-L-aspartic acid 
(umoles aspartic acid residue/ml.) 


ee ae 
0-025 0-05 0-10 0-20 
Ae ++ + + + + 
+ + ++ ++ 
~ + + + + + + 
- ++ ++ 
- - + + 
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Time (min.) 


Fig. 1. Effect of poly-L-lysine in various concentrations on 
the O, uptake of Staph. aureus in the presence of 0-04M- 
glucose. A, control respiration; B, 50 ug./ml.; C, 100 yg./ 
ml.; D, 500yg./ml.; HE, 1000yg./ml. poly-L-lysine 
hydrochloride. 
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Fig. 2. Oxygen uptake of Esch. coli in the presence of 
0-04Mm-glucose after various periods of pre-incubation 
with 500yg./ml. of poly-t-lysine hydrochloride. A, 
respiration of cells previously incubated without 
poly-L-lysine for 0, 3 or 6 hr. at 37°; B, poly-1- 
lysine added immediately; C, 3hr. pre-incubation 
with poly-L-lysine; D, 6 hr. pre-incubation with poly-.- 
lysine. 
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Time (hr.) 


Fig. 3. Viable counts of Esch. coli incubated with 500 yg, 
ml. poly-L-lysine hydrochloride for 0, 3 and 6 hr. at 37° 
(full line). Number of cells after addition of glucose, 
determined at 15 min. intervals (broken line). 
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Fig. 4. Viable counts of Staph. aureus incubated with 
1000 pg./ml. poly-L-lysine hydrochloride for 0, 3 and 6 hr. 
at 37° (fullline). Number of cells after addition of glucose 
determined at 15-min. interval (broken line). 


Action of poly-L-lysine on the oxygen consumption 
and viability. Poly-t-lysine caused a marked in- 
hibition of respiration of Esch. coli and Staph. 
aureus. A representative experiment for Staph. 
aureus is given in Fig. 1. Increasing poly-t-lysine 
concentrations caused a steady decrease in oxygen 
consumption. A similar effect was observed with 
Esch. coli. 

The effect of pre-incubation of Esch. coli with 
polylysine (500 yg./ml.) on the oxygen consumption 
is given in Fig. 2. The inhibition of oxygen con- 
sumption increased with pre-incubation time. 
A similar effect was found for Staph. aureus. 

In order to examine the relation between oxygen 
uptake and the number of viable cells, counts were 
carried out on nutrient agar medium using cell sus- 
pensions of Esch. coli.and Staph. aureus treated 
exactly as in the respiration experiments. The 
results are summarized in Figs. 3 and 4. Fig. 3 shows 
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that during incubation of Esch. coli with polylysine 
a steady decrease in the number of viable cells 
occurred; the rate of decrease was markedly en- 
hanced on addition of glucose. In the case of Staph. 
aureus (Fig. 4) almost no decrease in viable cells was 
observed upon incubation. The addition of glucose, 
at various time intervals caused, also in this case, 
a marked decrease in the number of viable cells. 

A comparison of the rates of respiration with the 
number of viable cells of Esch. coli under similar 
conditions of pre-incubation indicated that the 
percentage decrease in the number of viable cells 
very markedly exceeds the percentage decrease in 
the rate of oxygen uptake. For Staph. awreus the 
decrease appeared to parallel the depletion in the 
number of viable cells. 

The influence of polyamino acids on the electro- 
phoretic mobilities of Esch. coli and Staph. aureus. 
In a study of the influence of the various polyamino 
acids on the electrophoretic mobility of Esch. coli 
and Staph. aureus in 0-001M-phosphate buffer 
pH 7-0 or 0-001 M-sodium chloride, it was found that 
poly-pDL-alanine up to a concentration of 100 pg./ml. 
had practically no effect on either organism. Poly- 
L-aspartic and poly-p-glutamic acids caused a slight 
increase in the mobility under similar conditions. The 
basic polyamino acids, on the other hand, caused, 
even at low concentrations, a significant change in 
the electrophoretic mobility. The interaction with 
poly-L-lysine was studied in greater detail. 

Figs. 5 and 6 give the effect of various starting con- 
centrations of polylysine on the electrophoretic 
mobility of Esch. coli and Staph. aureus. With 
increasing polylysine concentrations the mobility 
drops to zero and finally reverses sign. The mobility 
of Esch. coli (Fig. 5) drops to zero, in the presence of 
0-001 m-sodium chloride at a polylysine concentra- 
tion of 5-0 ng./ml. and in the presence of 0-001m- 
phosphate buffer at a polylysine concentration of 
7-5 pg./ml. The mobility of Staph. aureus (Fig. 6) 
drops to zero, under similar conditions, at poly- 
lysine concentrations of 1-25 and 4-2yg./ml. 
respectively. A further increase in polylysine con- 
centration causes a gradual increase in the electro- 
phoretic mobility in the reverse direction. At a very 
large excess of the peptide the electrophoretic 
velocity was found to be comparable in magnitude 
but opposite in sign to that of the control. 

The electrophoretic mobilities were measured 
5-10 min. after admixture of the peptide solution 
with the micro-organisms. No additional change 
was observed for 0-5-1 hr. As Esch. coli and Staph. 
aureus are negatively charged in the media used, it 
could be assumed that the electrostatic attraction 
between the positively charged polylysine and the 
negatively charged bacteria plays a significant role 
in determining the extent of interaction between the 
cell and the peptide. It seemed, therefore, desirable 
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Electrophoretic mobility 
(u/sec./volt/cm.) 
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Fig. 5. Electrophoretic mobility of Esch. coli in the presence 
of poly-L-lysine. @—@, 0-001M-phosphate buffer, 
pH 7-0; O—O, 0-001 M-NaCl. 
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Fig. 6. Electrophoretic mobility of Staph. aureus in the 
presence of poly-L-lysine. @—@, 0-001 M-phosphate 
buffer, pH 7-0; O—O, 0-001 m-NaCl. 


to check the influence of the ionic strength of the 
medium on the above interaction. 

The influence of various concentrations of 
phosphate buffer on the mobility of Esch. coli in the 
presence of polylysine is shown in Fig. 7. Since the 
initial mobility of the bacteria, u,, drops with the 
increase in buffer concentration, we used the term 





(** “) x 100 to express the effect of polylysine 
0 

on the electrophoretic mobility. u designates the 
mobility measured in the presence of polylysine. 
Its value has the sign of wu, as long as the bacteria 
travel to the anode, the sign is reversed when the 
organisms start to travel toward the cathode. In 
accord with expectation, it was found that high 
buffer concentrations depress the effect of poly- 
lysine on the mobility. At buffer concentrations 
higher than 0-033 Mm, polylysine, even at a concentra- 
tion of 100yg./ml., is incapable of lowering the 
electrophoretic mobility to zero; in 0-001m- 
phosphate buffer a concentration of polylysine of 
10 yg./ml., is already sufficient to reverse the 
direction of the electrophoretic mobility of Esch. coli, 
Similar results were obtained with Staph. aureus. 
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Poly-L-lysine hydrochloride (ug./ml.) 


Fig. 7. Effect of various concentrations of phosphate 
buffer, pH 7-0, on the electrophoretic mobility of Esch. 
coli in the presence of poly-L-lysine. Concentrations of 
phosphate buffer: O—O, 0-:001M; @—®@, 0-0083m; 
O—O, 0-017m; A—A, 0:033M; x—x, 0-066m. 4u,, 
initial mobility in the absence of polylysine. u, mobility 
in the presence of polylysine. The initial electrophoretic 
mobilities in the absence of polylysine were: 0-001 M- 
phosphate buffer, 3-0; 0-0083 M, 1-7; 0-017M, 1-5; 0-033 mM, 
1-15 and 0-066, 0-85 y./sec./volt/em. 
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Fig. 8. Restoration of electrophoretic mobility of Esch. coli 

treated with poly-L-lysine in 0-001M-phosphate buffer, 
pH 7-0, by poly-L-aspartic acid (PAA). 
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Fig. 9. Restoration of electrophoretic mobility of Staph. 
aureus treated with poly-L-lysine in 0-001 M-phosphate 
buffer, pH 7-0, by poly-L-aspartic acid (PAA). 
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The effect of polylysine on the electrophoretic 
mobility was found to be dependent also on the 
concentration of sodium chloride. However, in this 
case, higher salt concentrations than 0-033M were 
required to diminish markedly the effect of poly. 
lysine on the electrophoretic mobility of both 
organisms. 

The electrophoretic mobility of cells, brought to 
zero by polylysine, could be restored to its original 
value by the addition of poly-t-aspartic acid in 
equivalent or larger quantities. Representative 
experiments are given in Figs. 8 and 9. It is 
pertinent to remark that the mobility of Staph. 
aureus in 0-001M-phosphate buffer pH 7 was 
decreased also by the addition of protamine 
sulphate or tyrothricin. The mobility dropped to 
zero at a concentration of 7-5 vg./ml. of the former 
substance and at 60 yg./ml. of the latter. It could be 
restored to its original value in both cases, by the 
addition of 2-7 ng./ml. of poly-L-aspartic acid. 
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Fig. 10. Uptake of poly-L-lysine by Esch. coli, O—O, and 
Staph. aureus, @—@. Adsorption experiments were 
carried out with 2 x 108 cells/ml. in 0-001 M-phosphate 
buffer, pH 7-0. Temp. = 20°. 


Adsorption experiments. The adsorption of poly- 
L-lysine hydrochloride by 2x 10® viable cells of 
Esch. coli and Staph. aureus in the presence of in- 
creasing polylysine concentrations in 0-001m- 
phosphate buffer pH. 7-0 is given in Fig. 10. In both 
cases a typical adsorption curve is obtained. 
Saturation occurred at an adsorption of 6-5yg. 
polylysine hydrochloride by Esch. coli and 4-2 yg. 
polylysine by Staph. aureus. The corresponding 
adsorption curves in the presence of 0-001™- 
sodium chloride were found to be similar to those in 
phosphate buffer. 

Poly-u-lysine uptake at different initial concen- 
trations and different numbers of cells per ml. of 
Esch. coli and Staph. aureus in distilled water was 
also investigated. In the presence of an excess of 
polylysine the amount adsorbed was found to be 
approximately proportional to the number of cells. 
Under these conditions each cell of Esch. coli and 





1953 
retic 
. the 
! this 
were 
oly- 
both 


it to 
inal 
d in 
itive 
It is 
aph. 
was 
nine 
1 to 
mer 
d be 
the 


| 


and | 
yere 
ate 








Vol. 55 


Staph. aureus adsorbed on the average 7:0 yg./ 
2x 108 and 4:5 pg./2 x 108 polylysine hydrochloride 
respectively. These findings are in accord with the 
above data. 

A representative experiment on the effect of pH 
and concentration of buffer on the adsorption of 
polylysine by Esch. coli is given in Fig. 11. At a very 
low buffer concentration the adsorption was found 
to be independent of pH in the range pH 5 to 8. The 
increase in buffer concentration in all the pH values 
investigated leads to a marked decrease in the 
adsorption. 

Agglutination of bacteria by poly-L-lysine. Table 3 
shows that polylysine can cause agglutination of 
Esch. coli and Staph. aureus. Observations were 
made after incubation for 0-5, 1-0, 20 and 24 hr. The 
agglutination of Esch. coli came to completion in 
0-001m-sodium chloride and 0-001M-phosphate 
buffer pH 7 within lhr., that of Staph. aureus 
under similar conditions was rather slow. 

The concentration range at which agglutination 
occurred is dependent on the organism as well as on 
the medium used. With an excess of polylysine 
resuspension of the agglutinated bacteria occurred. 
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Fig. 11. Effect of pH and concentration of phosphate buffer 
on the adsorption of poly-L-lysine by Esch. coli. @—®, 
pH 5-2; A—A, pH 6-5; §J4§, pH 7-2; V—v, pH 8-0. 
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50pg./ml. throughout. Number of cells, 3 x 10°/ml. 
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These findings are in accord with the electrophoretic 
experiments, where it has been shown that by in- 
creasing gradually the concentration of polylysine 
the electrophoretic mobility of the bacteria de- 
creases, drops to zero and finally increases in the 
reverse direction. 

In some additional experiments it was found that 
an increase in phosphate buffer concentration leads 
to an increase in the minimum concentration required 
to cause agglutination. The agglutination experi- 
ments under these conditions were again in agree- 
ment with the corresponding electrophoretic data. 


DISCUSSION 


The fact that the neutral and acidic polyamino 
acids failed to show any effect on the growth of the 
bacteria, while all the basic polyamino acids tested 
were strongly inhibitory, indicates that the cationic 
nature of the basic polypeptides plays an important 
role in determining their antibacterial activity. 
The importance of the polypeptide structure in 
determining the biological activity investigated is 
stressed by the fact that the hasic amino acid 
monomers do not show any growth-inhibiting 
action towards the organisms tested. The obser- 
vation that the antibacterial activity of the lysine 
peptides is a function of their molecular weight is in 
accord with the finding of Burger & Stahmann 
(1951), that the antiviral activity of lysine peptides 
increases with chain length. 

The antibacterial activity of the basic polyamino 
acids resembles closely those of the natural pro- 
tamines and histones (Miller, Abrams, Dorfman & 
Klein, 1942; Weissman & Graf, 1947) as well as 
those of the basic ‘tissue polypeptide’ isolated by 
Bloom eé al. (1947). Both the synthetic and the 
natural compounds inhibit growth, cause agglutina- 
tion and reduce the oxygen uptake of various 
organisms. 

The absorption and electrophoretic experiments 
probably reflect an early step in the interaction 


Table 3. Agglutination of Esch. coli and Staph. aureus by poly-L-lysine 


(For details, see methods. In all experiments 1-2 x 10° cells/ml. were used. The bacteria were incubated with polylysine 


for 24 hr. at 37° and agglutination recorded visibly. 
agglutination. 
ern Esch. coli 
hydrochloride Phosphate buffer, 
(ug./ml.) pH 7-0, 0-001 M 
0 - - 
5 Za = 
10 
20 + 
30 + 
40 
50 - an 
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100 ~ = 
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Poly-L-lysine 


a et 
NaCl, 
0-001 M 


-, No agglutination; +, moderate agglutination; ++, strong 


Staph. aureus 
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between the polyamino acids and the bacteria. At 
present it is impossible to determine whether the 
interaction of the basic polyamino acids with the 
bacteria is an exclusively surface phenomenon, or 
whether the peptides may also penetrate into the 
cell. The forces responsible for the interaction of the 
synthetic polymer and the complicated systems of 
the cell are obscure. It may be assumed, however, 
that the interaction is determined by non-specific 
electrostatic forces as well as specific adsorption 
forces of the hydrogen bond and van der Waal’s 
type. Such forces have been demonstrated in the 
association of macromolecules such as insulin 
(Doty, Gellert & Rabinovitch, 1952) or tropomyosin 
(Bailey, 1948), as well as in lyophobic colloids 
(Verwey & Overbeek, 1948). 

The role of the electrostatic forces in the attrac- 
tion between the negatively charged bacteria and 
the positively charged polylysine is shown by the 
following: (a) the lack of activity of neutral and 
acidic polyamino acids towards bacteria, (b) the 
change in mobility after adsorption of the basic 
polyamino acids, (c) the part played by the ionic 
strength of the environment in determining the 
extent of adsorption, and (d) the removal of poly- 
lysine from the bacteria by the action of the 
strongly negatively charged polyaspartic acid. 

From the classical Debye-Hiickel theory (1923) it 
is well known that an increase in the total ionic 
strength of the medium leads to a reduction in the 
electrostatic attraction between ions with opposite 
charge. If the attraction between polylysine and the 
bacterial surface is determined partially by electro- 
static forces, it could be predicted that an increase 
in salt concentration would diminish the association 
between the components. This prediction has been 
substantiated. The complex between protamines or 
histones and nucleic acids is of a similar type and 
it is known to dissociate in the presence of a high salt 
concentration (Mirsky, 1947). 

A neutralization of a basic polypeptide by an 
acidic polypeptide may be the basis of the an- 
tagonistic interaction of anthrax polyglutamic acid 
and the tissue polypeptide (cf. Bloom e¢ al. 1947, 
1948). In this connexion it is perhaps pertinent to 
note that a variety of naturally occurring anti- 
bacterial peptides such as tyrocidine and poly- 
myxins, as well as many cationic detergents possess 
positively charged groups which may facilitate the 
approach to the negatively charged bacteria. The 
electrophoretic behaviour of bacteria treated with 
cationic detergents (Dyar & Ordal, 1946; McQuillen, 
1950a) resembles their behaviour in the presence of 
polylysine. 

The presence of specific non-electrostatic ad- 
sorption forces is suggested by the fact that bacteria 
with zero net charge are nevertheless capable of 
adsorbing polylysine from the medium. In Esch. coli 
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and Staph. aureus these forces are of considerable 
magnitude as they are capable in the experimental 
conditions given in Figs. 5 and 6 of reversing the 
charge on the bacteria, and lead to mobilities almost 
equal in magnitude but opposite in direction to 
those of the control bacteria. Very little can be said 
about these non-electrostatic adsorption forces, but 
it may be expected that they will be determined by 
the structure of the bacterial surface as well as by 
the chemical nature of the polymer. 

A comparison of the agglutination data with 
the electrophoretic measurements shows that ag- 
glutination occurs in the polylysine concentration 
region in which the electrophoretic mobility drops 
to zero. This accords with the behaviour of 
a lyophobic colloidal suspension, where it has 
been found that the electrical charge of the 
colloidal particles prevents their association 
(Verwey & Overbeek, 1948). At high polylysine 
concentrations, resuspension of the bacteria occurs 
because of the positive charge acquired by the 
organisms. 

From the quantitative adsorption experiments 
the amount of polylysine adsorbed by each cell can 
be calculated. The maximum amount of polylysine 
adsorbed in the presence of 2 x 10® viable cells of 
Esch. coli was found to be 6-5 yg. If it is assumed 
that the viable cells represent about 80% of the 
total bacterial population, it may be calculated that 
each cell combined on the average with 9-5 x 10’ 
lysine residues. A similar calculation for the 
adsorption of Staph. aureus gives for the maximum 
amount adsorbed 6-15 x10’ lysine residues per 
organism. As each of the lysine residues bears one 
positive charge, it is of interest to compare the total 
number of negative charges initially present on the 
surface of each bacterium with the number of lysine 
residues adsorbed. The number of charges, o, per 
unit surface may be calculated from the electro- 
phoretic mobility by the formula (cf. Abramson 
et al. (1942) page 133): 


NDkT , Zee , , 
<j] Vv [E0, (e- —1)+ 20, (ci -— ih 


where C; and C; are concentrations of the cations 
and anions in moles/l., and Z; and Z; their valency. 
In the phosphate buffer used two cations, Nat and 
K*, and two anions, H,PO, and HPO,?- were 
present. €=the zeta potential, N= Avogadro's 
number, D=dielectric constant, k= Boltzmann’s 
constant, 7J’'=absolute temperature, e=charge of 
electron, w= electrophoretic mobility. 

At 25°, eé/kT is equal to }u, when wu is expressed 
in p./sec./volt/em. o, in electronic charges/square 
micron is given by 


a= 369 000 //[ZC; (e-*%"— 1) + UC, (e89"— 1)]. 
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Table 4. Number of lysine residues adsorbed and net charge per cell of Esch. coli and Staph. aureus 
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(The data below were calculated from the adsorption experiments described in Fig. 10 and the electrophoretic experi- 
ments described in Figs. 5 and 6 carried out in 0-001 M-phosphate buffer, pH 7.) 


Initial Electro- 

concentration phoretic 

of poly-t-lysine mobility 

hydrochloride (u-/sec./ 

Organism (ug./ml.) volt/cm.) 
Esch. coli 0-0 -3-0 
7-5 0-0 
25-0 +2-4 

Staph. aureus 0-0 — 2°75 
4-2 0-0 

20-0 +1-25 


Number of 
lysine residues 
adsorbed/cell 

0-0 

8-7 x 107 
9-5 x 10? 
0-0 

4-35 x 107 
6-15 x 107 


Net charge/cell 

(in electrons) 

(—) 7-62 x 104 
0-0 

(+) 8°50 x 104 

(—) 6-90 x 104 
0-0 

(+) 3-69 x 104 


As the surface of each bacterium is approximately 
3 u.2 (MeQuillen, 19506) the total number of charges 
per organism is given by 3c, where a is expressed in 
electron charges per square micron. 

In Table 4 the net charge of Esch. coli and Staph. 
aureus and the amount of lysine residues adsorbed 
per organism is given. In both cases the number of 
lysine residues which have been adsorbed when the 
net charge has been brought to zero considerably 
exceeds the number of negative charges initially 
present on the bacterial surfaces. The adsorption of 
polylysine can therefore hardly be explained as 
a simple neutralization process. The relatively large 
adsorption of polylysine without corresponding 
effect on the bacterial net charge can be explained 
either by a corresponding adsorption of small 
counter anions, such as chloride, or by the extrusion 
of cations such as hydrogen ions from the bacterial 
cell. No search for either of these mechanisms was 
made. 

It is of interest to note that the data of McQuillen 
(1950a) concerning the adsorption of cetyltri- 
methylammonium bromide by Gram-positive 
bacteria and the effect of adsorbed detergent on the 
net charge of the organism reveals a similar dis- 
crepancy between the decrease in negative charge 
and the number of cationic detergent molecules 
adsorbed. 

The above discussion dealt with the first stages of 
the interaction between the basic polyamino acids 
and the organisms investigated. As shown above, 
the adsorption of the basic polymers causes a 
decrease in oxygen consumption and rate of multi- 
plication and finally leads to the death of the cell. 
It is as yet impossible to present a detailed picture of 
the biochemical reactions involved in these effects. 
By analogy with known interactions between sub- 
stances of high molecular weight, it may be suggested 
that the following reactions are of possible signific- 
ance in determining the antibacterial properties of 
the polymers investigated: (a) the interaction 
between the surface of the cell with the cationic 


polymer may damage the cell surface; (6) a reaction 
between the nucleic acids of the cell and the 
synthetic polyamino acids may occur; (c) the basic 
polymers may interact with certain enzymes and 
thus block essential physiological processes in the 
cell. 

The bactericidal cationic detergents as well as 
some basic natural polypeptides such as tyrocidine 
(Hotchkiss, 1944, 1946) are known to damage the 
cell surface of bacteria and facilitate the leakage of 
phosphorus- and nitrogen-containing compounds 
from the cell into the surrounding medium. In 
some preliminary experiments it was observed that 
the amount of phosphorus released immediately 
after addition of polylysine was negligible. More- 
over, electron microscopical observations of bac- 
teria treated with polylysine revealed no changes in 
the bacterial cell. 

The basic polyamino acids form a precipitate with 
nucleic acids (Burger & Stahmann, 1952) resembling 
the complex between protamines and histones and 
nucleic acids. It can be assumed that a similar 
reversible complex may be formed in vivo. A com- 
plex between polylysine and nucleic acid may in- 
terfere with normal protein synthesis and with other 
cell processes in which nucleic acids participate. 

Data in the literature indicate that specific high 
molecular weight substances, such as proteins and 
polypeptides, may reversibly inhibit enzyme 
activity. As a typical example the inhibition of 
pepsin by the basic peptide pepsin inhibitor may be 
quoted (Herriot, 1941). Another example may be 
found in the inhibition of trypsin by the pancreas 
and soy-bean inhibitors (Kunitz & Northrop, 1936; 
Kunitz, 1947). In some of these interactions it has 
been shown that the electrostatic attraction 
between the enzyme and the relatively high mole- 
cular weight inhibitor plays a significant role in the 
formation of the inactive complex. It seems, there- 
fore, plausible that polylysine, polyornithine and 
polyarginine may also reversibly inactivate certain 
enzymes by an analogous reaction. 
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SUMMARY 


1. The basie poly-x-amino acids, poly-u-lysine, 
poly-pt-lysine, poly-Dit-ornithine and _ poly-DL- 
arginine, inhibit the growth of Escherichia coli and 
Staphylococcus aureus in synthetic and semi- 
synthetic media. The neutral poly-pt-alanine and 
the acidic poly-L-aspartic and poly-D-glutamic acids 
do not inhibit the growth of both organisms. 

2. The growth-inhibitory effect of poly-L-lysine 
can be reversed by poly-t-aspartic and poly-p- 
glutamic acids. 

3. Poly-t-lysine caused a decrease in oxygen 
consumption of Esch. coli and Staph. aureus. The 
decrease in respiration was compared with the 
decrease in number of viable cells. 

4. The electrophoretic mobilities of Esch. coli 
and Staph. aureus in the presence of poly-L-lysine 
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was investigated. With increasing concentrations 
of the cationic polymer, the mobility drops to zero 
and finally reverses sign. The electrophoretic 
mobility of cells brought to zero with poly-t-lysine 
could be restored to its original value by the 
addition of poly-L-aspartic and poly-p-glutamic 
acids. 

5. The amount of poly-t-lysine adsorbed by 
Esch. coli and Staph. aureus under various conditions 
was estimated. 

6. Agglutination of Esch. coli and Staph. aureus 
occurred at poly-L-lysine concentrations at which 
the electrophoretic mobilities dropped approxi- 
mately to zero. An excess of poly-L-lysine caused 
resuspension. 

7. The role of electrostatic and nonelectrostatic 
forces in the interaction between the basic poly- 
amino acids and the bacteria was discussed. 
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Studies in Vitamin A 
26. THE VITAMIN A-REPLACING EFFECT OF LARD 


By J. 8. LOWE anv R. A. MORTON 
Department of Biochemistry, The University of Liverpool 


(Received 28 May 1953) 


Although vitamin A deficiency causes profound 
changes in epithelial tissues, vitamin A as such is 
not detectable in epithelia of normal animals and 
its mode of action in protecting these tissues is 
unknown. The possibility that other substances may 
elicit a similar response cannot be ruled out. Con- 
siderable importance therefore attaches to verifiable 
claims for the cure of xerophthalmia and restoration 
of growth in vitamin A-deficient rats given ‘cura- 
tive’ diets which contain neither preformed vitamin 
A nor known carotenoid provitamins. 

Randoin & Netter (1934) used a diet made up of 
casein 15, lard 20, dried brewer’s yeast 5, dextrin 56 
and salt mixture 4%; they found it capable of 
curing xerophthalmia and restoring growth. Le 
Gallic (1949, 1950) regarded both lard and casein as 
essential in this diet and further stated (Le Gallic, 
1951) that they should be present in the proportions: 
lard 20—21-5 and casein 18%. Le Gallic has himself 
devoted special attention to the need for casein. 
Mayer & Krehl (1948) had also noted the vitamin A- 
like activity of lard. Kaunitz & Slanetz (1950a, b) 
recently claimed that an active material could be 
concentrated by molecular distillation of lard. The 
first 7% to be eliminated in the process contained 
most of the vitamin A-replacing factor. Vitamin A 
itself was not present as judged by tests sensitive to 
0-1 pg./g., nor could carotenoids be detected. When 
the distillate was added at the level of 2% to a 
vitamin A-free diet, the test animals fared better 
than litter mates on the same diet (without lard 
distillate) corrected by vitamin A _ palmitate 
(7-6 i.u./week, by injection). 

The implications of the work of Kaunitz & 
Slanetz make it necessary to test the reproducibility 
of their findings. 


{=X PERIMENTAL 


Materials 


Lard. Freshly rendered lard was obtained on a Ministry 
of Food permit from Gaskell Bros. of Warrington. 

Lard distillate. The lard was subjected to molecular 
distillation at very low pressure and the material eliminated 
at 210-220° (7-8%) was collected. We are indebted to 
Dr R. E. Stuckey and Mr A. W. Davidson of the Research 
Laboratories of British Drug Houses Ltd., for kindly carry- 
ing out the distillation. 


Vitamin A solution. Vitamin A, administered to some of 
the animals, was in the form of a tested cod-liver oil diluted 
with arachis oil to 12 i.u./ml. 


Examination of lard and lard distillate 


Lard. Lard dissolved in cyclohexane shows an absorption 
spectrum with inflexions at 315-335 mp. (Z}%, 325 mu. 
0-02) and 220-235 mp. (£}%, 225 mp. 4:5) and A,,,. at 
269-273 my. (Z}%, 0-147). A 10% (w/v) solution of lard in 
cyclohexane was colourless and gave no colour with the 
SbCl, reagent. 

The lard used yielded 0-23% unsaponifiable material as 
a very pale yellow, low-melting solid which in concentrated 
solution fluoresced pale blue under ultraviolet illumination. 

A solution of the unsaponifiable material in cyclohexane 
(86%, w/v) was yellow and gave a very pale-green colour 
with the SbCl, reagent. No absorption band could be 
detected in this green solution. The absorption curve of lard 
unsaponifiable material showed inflexions at 225 my. 


(Zt %, 14-0), 250-300 my. (£}%, 270 mp. 5-5), 315-365 mp. 
(£i%, 330 mu. 0-9), 445-460 mu. (E}%, 450 my. 0-06) and 


470-495 my. (E} %, 480 my. 0-04). 

The unsaponifiable material was chromatographed on 
watered Al,O, (Table 1), but neither preformed vitamin A 
nor carotenoid precursors could be found in any fraction. 

As it was conceivable that very small amounts of vitamin 
or provitamin might escape detection because of destruction 
during the saponification process, attempts were made to 
detect vitamin A and carotene by chromatography of lard 
itself on 2% watered Al,O,. Table 2 gives detailed results of 
such chromatography. 

In an attempt to ascertain whether the inflexions in the 
region of 330 mu. in chromatographic fractions 3-5 (Table 2) 
were due to vitamin A, it was decided to bulk these fractions 
and saponify. Fractions 1 and 2, and 6 and 7 were also 
bulked and saponified. In each case saponification was 
carried out by adding the required volume of 60% (w/v) 
KOH to the fat, warming until a solution was obtained and 
then adding 2 vol. of boiling ethanol. To minimize destruc- 
tion of possible traces of vitamin A, the mixtures were then 
boiled for 2 min., after which time they were cooled, diluted 
with water and the unsaponifiable material extracted. The 
soaps were acidified and the liberated acids extracted. The 
absorption spectra of both the unsaponifiable materials and 
the acids were investigated, results being shown in Table 3. 

No fraction from lard has given a positive test for the 
presence of vitamin A or carotene, but it is clear that the 
lard contains traces of conjugated diene, triene and tetraene 
acids and that the ultraviolet absorption shown by lard un- 
saponifiable fractions are of some interest. The failure to 
obtain a blue colour with the SbCl, reagent makes it very 
improbable that vitamin A is present in any fraction. 
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Table 1. Chromatography of lard unsaponifiable matter 


(Al,0, (10 g.) (P. Spence and Co., grade 0) weakened with water (0-5 ml.) used. 172 mg. lard unsaponifiable material 
placed on column. Length of column, 7 cm.; diameter, 1-5 cm. Recovery from column, 113-6 mg.) 


Eluate Absorption spectra 
Fraction Eluant (mg.) (cyclohexane) Remarks 


1 Light petroleum (60 ml.) 8-4 General absorption No colour with SbCl, reagent 
2 2°, Ether:light petroleum 5-6 ~250 mp., Et%, 50-5 No colour with SbCl, reagent 


“(100 ml.) ~ 265-300 my, 
EL%, 280 mp. 39-7 
4% Ether: light petroleum 11-0 Amax, 235 mp., H1%, 52-3 No colour with SbCl, reagent 
(150 ml.) flat 240-250 muz., Fraction contains material 
E1%, 250 my. 51-1 fluorescing pale blue 


8% Ether: light petroleum 56 ~ 258 mp. E1%, 7-4 No colour with SbCl, reagent. 
(300 ml.) ~ 269 mu., Hi%, 5:8 Fraction contains material 
fluorescing green-blue 


16% Ether: light petroleum “2 Not examined No colour with SbCl, reagent 
— ml.) 

32% Ether: light petroleum 
a ml.) 

64% Ether: light petroleum 7:8 General absorption No colour with SbCl, reagent. 
(100 ml.) Contains material fluorese- 

ing pale blue 
Ether (100 ml.) Nothing — 
eluted 


Al,O, extracted with boiling 33-0 In ethanol ~ 270 muz., A pale-yellow, low-melting- 
ethanol (3 times) E{%, 6-75. General point solid. No colour with 
absorption in visible SbCl, reagent; contains a 
region (400-500 mu.) material fluorescing pale blue 


Table 2. Chromatography of lard 


(Al, 0, (200 g.) (P. Spence and Co., grade 0) weakened with water (4 ml.) used. 21-87 g. lard placed on column. Length 
of column 31 cm.; diameter 2-5 cm. Recovery from column, 19-78 g.) 


Eluate Absorption spectra 
Fraction Eluant (g.) (cyclohexane) Remarks 
1 Light petroleum (500 ml.) 4-05 Steep end absorption (230-260 mux.) — 
flattening from 265 my. 
2% Ether:light petroleum 11-56 Steep end absorption (230-260 my.) 
(500 ml.) ~270 mu., LE} 2%, 0-04 
~ 280 mu., £1%! 0-03 


5% Ether: light petroleum 05 ~ 265-270 mu., E}%, 270 mp. 0-2 No colour with 


(500 ml.) ~ 310-330 mp., H1%, 320 mu. 0-023 SbCl, reagent 
10% Ether: light petroleum “52 Broad ~ 270-280 mu., Lj} %,, 275 mu. No colour with 
(500 ml.) 0-4 SbCl, reagent 
~ 316-354 mu., Ei%, 330 mu. 0-09 
20% Ether: light petroleum . Definite ~ 265-280 mu., 1%, 272mu. No colour with 
(400 ml.) 2-35 SbCl, reagent 
Very slight ~ 320-350 muz., 
EY%, 330 mu. 0-27 
Ether (500 ml.) 2°2 Very definite flat portion 
265-270 mu., Ei%, 267 mp. 8-5 


1% 


Ethanol (500 ml.) “2 Amax, 227 mp., Hy 2, 20-6 
Very definite ~ 265-270 muz., 
Ei%, 265 mp. 4-12 
Top 1 em. of Al,O, extracted 0-003 Not investigated since it gave Pale yellow solid 
with boiling ethanol opalescent solutions in petrol, 
cyclohexane, ether, ethanol, CHCl, 
and CS, 
Remainder of Al,O, extracted “06 Amax. 280 mp., 1%, 43-0 
with boiling ethanol ~ 270 muz., El, 3-8 































VITAMIN A ACTIVITY OF LARD 


Table 3. Saponification of chromatographic fractions of lard 


aterial Weight Unsaponifiable Ultraviolet absorption of Recovered 
used material unsaponifiable material acids Ultraviolet absorption 
Fractions (g-) (g.) (cyclohexane) (g.) of acids 
l and 2 15-44 0-14 Amax. 228 mp., H1%, 3-5 13-6 Amax, 269 my., EY Gn, 1-05 
gent ~ 225 mp., E1%, 45 
gent 3-5 1-51 0-023 ~ 225 mu., H}%, 15-3 flattens out 1-37 Anax, 230 mp., Ei %, 11-2 
at 250 My. max. 269 My., EX Sm. 4-5 
ia tae ee mu., max, 320 mp., H4%, 0-40 
gent Ne Stour with SbCl, re 
al (No colour with SbCl, reagent) 
6 and 7 2-27 0-057 ~ 225-230 muz., EX Ga, 225 mu. 15-5 1-99 Amax, 283 mp., E}%, 170 
gent. ~ 255-275 myp., 24%, 265 mp. 5-9 Amax. 269 mp., H4%, 91 
al Very slight ~ 315-325 mu., Anax, 920 mp., £42, 0-93 
E 1%, 320 muy. 1-1 
- (No colour with SbCl, reagent) 
ni 
> 
Table 4. Diets used in experiments planned to test the vitamin A-activity of lard distillate 
1 I 7] 
Diet 
gent, ees A 
3C- ] 2 3 
Vitamin A-low, 
given to 
pregnant rats Vitamin A-free Test 
g- Material (g./100 g.) (g./100 g.) (g./100 g.)¢ 
ith Casein (light white) 18 — — 
l Casein (ethanol-extracted)* — 18 
blue Starch 65 65 65 
Marmite 8 8 8 
Arachis oil 5 5 — 
Salt mixturet 4 4 4 
Lard distillate — — 5 
agth * Light white soluble casein (B.D.H. Ltd.) (400 g.) was boiled under reflux with abs. ethanol (2 |.) for 3 hr. It was then 
So 






t+ Osborne & Mendel (1913). 









Lard distillate. The absorption spectrum is characterized 
by inflexions at 220-230 mp. (H}%, 225 myp., 5-0), 260- 
270 mp. (E1%, 265 mp. 0-41) and 310-340 mp. (£}%, 
320 mu. 0-05) in cyclohexane. A 10% (w/v) solution of lard 
distillate in CHCI, was colourless and gave no colour with the 
SbCl, reagent, while more concentrated solutions (20%, 
w/v) gave an evanescent green. The available lard distillate 
was required for the feeding experiment and none could be 
spared for saponification or chromatographic separation. 
Such experiments were in any case unnecessary after the 
tests recorded in Tables 1 and 2. 











Animals and diets 





Adult female hooded rats were given a vitamin A-low 
diet after mating. This resulted in litters having relatively 
small liver reserves of the vitamin and thus shortened the 
time required for depletion. 

The newly weaned animals were transferred to a vitamin 
A-free diet. The composition of the diets is shown in Table 4. 









Procedure 





Newly weaned rats from three litters were distributed 
into groups 1 and 2 (card selection) so that each group con- 
tained two animals (one of each sex) from each litter. The 









filtered at the pump and twice washed with 200 ml. portions of boiling ethanol. The casein was again refluxed with fresh 
ethanol (2 1.) for 3 hr., filtered and washed as before. It was then dried overnight at 110° in an electric oven and on the 
next day ground to 2 fine powder and incorporated in the diet mixtures. 










animals were separately housed. For the first 4 weeks of the 
depletion period each rat was given 10 g. food/day; there- 
after, and for the whole of the test period, 12 g. food/day 
were given. Water was provided ad lib. throughout. 

All animals received diet 2 during the period of depletion 
which was terminated when there was either a marked loss in 
weight or definite xerophthalmia or both. Animals belong- 
ing to group 1 were then given 6i.u./day vitamin A (in 
0-5 ml. arachis oil), but otherwise remained on diet 2. 
Animals in group 2 were transferred to diet 3 and in addition 
were given 0-5 ml. arachis oil/day. The oil and the vitamin A 
in oil were administered orally from a calibrated tube. 


Analysis of tissues 


At the end of the experimental period the rats were 
anaesthetized and as much blood as possible obtained by 
cardiac puncture. The blood samples from each group of rats 
were pooled and analysed for vitamin A (Glover, Goodwin & 
Morton, 1947). Livers and kidneys were removed, washed, 
roughly dried with filter paper and weighed. The livers from 
animals in group 1 were pooled and the lipid extracted 
(Glover et al. 1947). The unsaponifiable fraction was then 
obtained and examined. The same procedure was followed 
for kidney and for the same tissues from group 2 animals. 

















RESULTS 


Animals in group 1. When placed on the vitamin 
A-free diet the six rats continued to increase in 
weight for 35-55 days. Each showed a period of 
practically steady weight; this persisted for a 
variable time before there was a rapid decline in 
weight or definite signs of xerophthalmia. Of the 
four animals with marked eye lesions three were 
completely cured and grew quickly on administra- 
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Fig. 1. Growth curves for rats of group 1. x =time at 
which each individual rat was supplied with 6i.u. 
vitamin A/rat/day. Base-line for each growth curve is 
40 units above the preceding one to avoid overlapping. 


Table 5. Vitamin A in tissues of rats cured of the 
signs of deficiency 


(Group 1 received 6i.u. vitamin A/rat/day; group 2 
received lard distillate.) 


Group 1 Group 2 


Blood vitamin A 52-3 None 
(i.u./100 ml. plasma) 

Liver vitamin A None None 

Kidney vitamin A 7-0 None 


(i.u./g.) 
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tion of vitamin A. The fourth rat was very weak, 
although xerophthalmia was only incipient; it 
died although 100 i.u./day of vitamin A were given 
for 2 days before death. The remaining two rats did 
not show xerophthalmia, but vitamin A brought 
about an excellent growth response. Fig. 1 sum- 
marizes the experience with some of these animals, 
and the results of analyses of pooled tissues are 
shown in Table 5. 
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Fig. 2. Growth curves for rats of group 2. x =time at 
which each individual rat was supplied with diet 3 (test 
diet), 0-6 g. lard distillate/rat/day. Base-line for each 
growth curve is 40 units above the preceding one to avoid 
overlapping. 


Table 6. Comparison of growth responses of vitamin A 
deficient rats to vitamin A and lard distillate 


(Group 1 rats received 6 i.u. vitamin A/day; group 2 rats 
received about 0-6 g. lard distillate/day.) 


Gains in weight (g./23 days) 
aa - 


a ie Y 


Group 1 


Rat Group 2 
1 Died 57 
2 56 20 
3 A0 Killed on 77th day 
4 45 54 
5 26 Died 
6 39 26 
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Animals in group 2. On the vitamin A-free diet 
the growth rate of the six rats decreased and weights 
became approximately constant after 35-60 days. 
One rat was killed after 77 days and no vitamin A 
could be found in its liver or kidneys (antimony 
trichloride colour test on unsaponifiable matter). 
Three animals developed xerophthalmia and were 
losing weight rapidly when diet 3 was used to 
replace diet 2. The remaining two rats were trans- 
ferred to diet 3 when they began to lose weight 
quickly although xerophthalmia had not appeared. 
The five rats were also given 0-5 ml. arachis oil 
daily. After 23 days all the rats were killed and the 
pooled tissues were analysed (Table 5). The follow- 
ing case histories record briefly the responses to 
diet 3: 

Rat no. 1. Weight was falling quickly prior to treatment; 
xerophthalmia. On diet 3 the rat continued to lose weight 
for 3 days, but thereafter gained weight quickly and the 
xerophthalmia soon disappeared. 

Rat no. 2. No eye lesions were seen. Rapid loss of weight 
was at once reversed on the diet containing lard distillate. 
After 13 days, growth decreased and became negligible but 
restarted towards the end of the 23-day period. 

Rat no. 3. Killed on 77th day. 

Rat no. 4. Rapid loss of weight was promptly changed to 
rapid increase; eye lesions, which were definite, had dis- 
appeared after 7 days on diet 3. 

Rat no. 5. Severe xerophthalmia and rapidly falling 
weight were present before treatment. Although the decline 
in weight was stopped, the animal died after 2 days on diet 3. 
On the day before death the rat was very listless, both eyes 
were closed and encrusted with blood. 

Rat no. 6. The rat was losing weight rapidly before being 
transferred to diet 3: growth was at once resumed and sus- 
tained for the entire 23 days. No eye lesions were seen at any 
stage. 

Growth curves of animals in group 2 are shown in 
Fig. 2. Table 6 shows the gains in weight of group 1 
animals given 6 i.u. vitamin A/day and of group 2 
animals given about 0-6 g. lard distillate/day. For 
both groups the gains refer to 23 days after begin- 
ning the treatment. 


DISCUSSION 


In preliminary experiments on the same lines as 
those recorded above it was found that a diet con- 
taining 2% of lard distillate brought about a 
temporary halt to the decline in weight of vitamin 
A-depleted rats, but failed to restore growth. When, 
however, the proportion of lard distillate was raised 
to 6%, xerophthalmia was cured and normal growth 
was promptiy resumed. The distillate used by 
Kaunitz & Slanetz (1950a, b) thus seems to have 
been more potent than ours. This fact is relatively 
unimportant; the significant thing is that the 
existence of the ‘lard factor’ is confirmed, since the 
lard distillate administered at the level of 0-6 g./ 
tat/day elicited a response similar to that of 6 i.u. 
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preformed vitamin A/rat/day. Although a vitamin 
A-replacing potency of about 10 i.u./g. is not high it 
seems impossible to attribute it to preformed 
vitamin A or a carotenoid provitamin A. 

A few comments on the experiment are necessary. 
The food intake of each rat was strictly controlled. 
Diets 2 and 3 were isocaloric since the only difference 
was the replacement of arachis oil by an equal 
weight of lard distillate. The extra calories made 
available to the rats in group | in the form of 0-5 ml./ 
day arachis oil (containing vitamin A) were balanced 
by 0-5 ml./day of unfortified arachis oil to the rats in 
group 2. This amount of arachis oil was less than 
that already in the vitamin A-free diet (Table 4) 
which rules out the possibility that the growth 
response was due to the oil itself. 

The mean gains in weight in the first 23 days of 
treatment were 41-2 g. for the vitamin A-treated 
rats and 39-25 g. for those given lard distillate. The 
difference is not significant. It seems unlikely, 
moreover, that the concentration effected by 
distillation is merely a matter of accumulating 
tocopherols which could act as anti-oxidants 
preserving minute amounts of vitamin A. At no 
stage in the examination of lard or distillate was any 
spectroscopic evidence of tocopherols observed. The 
evidence is clearly against attributing the response 
to vitamin A or carotene. 

The effects of vitamin A deficiency on epithelial 
tissues are so definite that it is reasonable to expect 
some trace of the vitamin in those tissues which in 
avitaminosis exhibit the characteristic keratinizing 
metaplasia. In fact, however, Popper (1941, 1944) 
and his colleagues failed to discover any evidence for 
the presence of vitamin A in the epidermis or epi- 
thelium of the mucous membranes, tissues which are 
considered to be the first sites of vitamin A de- 
ficiency. The fluorescence technique used might well 
have revealed anything more than minute traces. 
The only claim to have found vitamin A in epithelia 
is that put forward by Edwards, Finklestein & 
Duntley (1951) for its presence in intact human 
skin, but even these workers admit that they do not 
know whether the vitamin is in the skin structure 
proper or in the circulating blood. 

There is a clear choice between (a) assuming that 
the amount of vitamin A needed in normal epi- 
thelial tissue is extremely minute and (5) considering 
a new hypothesis that the keratinizing metaplasia is 
brought about by the presence of a harmful 
resultant of generalized avitaminosis A. Vitamin A 
need not necessarily be the unique antagonist of 
such a product. 

The function of vitamin A in visual processes 
depends ultimately on the interconversion of 
vitamin A alcohol and its aldehyde (retinene) in the 
presence of alcohol dehydrogenase. The protein of 
rhodopsin, opsin, seems to have a very highly 
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specialized role. The function of vitamin A in pre- 
venting xerophthalmia, in maintaining healthy 
epithelia and in promoting growth, is so little under- 
stood that the work of Kaunitz & Slanetz (1950a, b) 
on the lard factor may provide a new approach if the 
active substance can be characterized. 


SUMMARY 


1. The claim that lard contains a vitamin A- 
replacing factor has been confirmed. 
2. A molecular distillate (210—220°) of lard, 
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administered at the level of 0-6 g./day, cured 
xerophthalmia and restored normal growth in 
avitaminotic rats. 

3. Neither preformed vitamin A nor carotenoid 
provitamin A could be detected by spectrophoto- 
metric or colorimetric tests on lard or lard un- 
saponifiable matter before or after chromatography, 
or on lard distillate. 

We wish to thank Dr H. Jasperson, Dr R. E. Stuckey and 
Mr A. W. Davidson for valuable help. One of us (J.S. L.) has 
participated in this work as holder of a University Fellow. 
ship. 
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The Lipids of Fish 


4. THE LIPIDS EXTRACTED BY AN ETHANOL:ETHER MIXTURE FROM 
HADDOCK FLESH PREVIOUSLY EXTRACTED WITH ACETONE 


By J. A. LOVERN anp JUNE OLLEY 
Department of Scientific and Industrial Research, Torry Research Station, Aberdeen 


(Received 22 May 1953) 


The material discussed in the present paper was the 
lipid fraction extracted at room temperature from 
the flesh of the haddock by ethanol: ether (3:1, v/v) 
after the tissue had been exhaustively extracted 
with acetone, also at room temperature, and was the 
second in the series of extracts described in part 1 of 
this series of papers (Lovern, 1953). The total crude 
extract available weighed 94 g., being 0-22 % of the 
wet weight of the haddock flesh. Although this had 
been heated on a steam can under vacuum for about 
an hour it was later found still to contain 16 g. of 
solvent. The difficulty of removing the last traces of 
solvent or water from phospholipids is well known, 
but it was considered inadvisable further to prolong 
the original heating. A large mass of sticky phos- 
pholipid could obviously trap some residual solvent 
almost indefinitely. The corrected weight of the 
present crude lipid extract is, therefore, 0-18 % of 
the wet weight of the tissue. 


ANALYTICAL METHODS 


The analytical methods used were as described in previous 
papers (Lovern & Olley, 1953; Olley & Lovern, 1953), with 
the following exceptions. 

Inositol. We have found that the filter-paper chromato- 
graphic examination of lipid hydrolysates, using an 
ammoniacal silver nitrate spray reagent (Hough, 1950), is 
unreliable for the detection of inositol in very low concentra- 
tions. Thus in examining the hydrolysates of various 
fractions of the acetone extract by the chromatographic 
method we were unable to detect any inositol (Olley & 
Lovern, 1953), whereas we have since found that it was 
present to the extent of 1-1 % in a product corresponding to 
the combined fractions B and C (Lovern & Olley, 1953) of 
the acetone extract. In the present work inositol was 
determined microbiologically after hydrolysis by refluxing 
for 6 hr. with 6N-HCl, using Northam & Norris’s (1951) 
procedure and the organism Kloeckera brevis with basal 
medium I plus a bacteriological yeast extract prepared as 
by Northam & Norris (1952). There are different views on the 
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hydrolysis period necessary for complete liberation of 
inositol (Woolley, 1943; Brante, 1949; Folch, 1949), but we 
have found that hydrolysis up to 15 hr. gives the same value 
as 6hr. with our lipids and K. brevis. Each sample was 
assayed at three levels and with two levels of added inositol. 
The slope of all curves was the same as that of a standard 
inositol estimation. Thus no other constituent of these 
lipid hydrolysates (which were freed from HCl by vacuum 
evaporation) affected the response of the organism to 
inositol. It was confirmed that choline at a level of 30 times 
the inositol present caused no inhibition, such as Taylor 
& McKibbin (1952) found when using Saccharomyces 
carlsbergensis, and it would appear that K. brevis is a 
particularly suitable organism for inositol assay in lipid 
hydrolysates. 

Choline. The usual assay by precipitation of the reineckate 
(Lovern, 1952) proved unsuitable with certain fractions, 
since a brownish precipitate of some other reineckate 
accompanied the choline reineckate through all manipula- 
tions into the final acetone solution. Moreover, it was found 
that the yield of this other reineckate varied with the 
amount of choline precipitated simultaneously. Addition of 
extra choline to a lipid hydrolysate of this kind, followed by 
assay as the reineckate, gave values greater than the sum of 
the original assay and the added choline. Thus a direct 
reineckate assay on the ‘lower phase’ lipids after treatment 
with ion-exchange resin (see Fig. 1) gave a choline value of 
8:55 % (the true choline content being only 4-8%), whereas 
an assay in the presence of approximately the same amount 
of added choline gave a value of 12-8 %, after allowing for the 
added choline. 

Hence, in addition to colorimetric choline assays by the 
reineckate method, all fractions examined for choline were 
assayed by the method of Street, Kenyon & Watson (1946), 
involving the oxidation of choline to trimethylamine. 
Because the aqueous phase of the hydrolysates of some 
fractions contained large ratios of other organic matter to 
choline, it was found desirable to conduct the permanganate 
oxidation on the precipitated reineckates. During counter- 
current distribution between aqueous ethanol and light 
petroleum (Fig. 1), the non-choline compound which inter- 
fered with the colorimetric reineckate assay was concen- 
trated towards the light petroleum end of the sequence, 
whereas lecithin samples at the ethanol end gave the same 
choline value by both procedures. Thus fractions P 1-3, 
P4-7, P8-10 (Fig. 1) had the following choline contents (%) 
as determined by the colorimetric and oxidative procedures 
respectively: 11-45, 11-2; 7-53, 7-55; 5-3, 4-47. Interference 
was thus first noticeable at fractions P8-10. Fractions 
distributed still further towards the light petroleum end of 
the sequence contained very little choline (see below) but 
fractions L 19-20 (Fig. 1) gave a heavy reineckate precipitate 
with the solubility properties of choline reineckate. 

Glycerol and glycerophosphate. Certain fractions were very 
deeply coloured and the aqueous phase after alkali hydro- 
lysis was too dark for satisfactory colorimetric determina- 
tion of glycerol or glycerophosphate. Such hydrolysates 
were decolorized by cautious addition of phosphotungstic 
acid. The coloured substances were precipitated before all 
the other precipitable compounds had been removed, so 
that a colourless solution without excess phosphotungstic 
acid was readily obtained and proved perfectly satisfactory 
for both glycerol and glycerophosphate assay by the methods 
used previously (Lovern & Olley, 1953; Olley & Lovern, 
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1953). It was found that a small excess of phosphotungstic 
acid would not, in any case, interfere with either of these 
estimations. 


EXPERIMENTAL 
Removal of non-lipids 


(In this section all weights quoted are corrected for ana- 
lytical and manipulative losses.) The crude extract (77-3 g.) 
was re-extracted with light petroleum (b.p. 40-60°), giving 
3-5 g. insoluble and 73-8 g. soluble material. The insoluble 
material was also insoluble in ethyl ether, chloroform and 
water. Successive alkali and acid hydrolyses showed it to 
contain only 0-7% fatty acids and 15% unsaponifiable 
matter, but six amino acids (paper chromatography). It 
presumably consisted largely of tissue protein, and was 
discarded. 

The light-petroleum-soluble material was next treated by 
the procedure of Folch, Ascoli, Lees, Meath & LeBaron 
(1951), by dissolving it in 1600 ml. of CHCl,:methanol (2:1, 
v/v) and submerging this solution beneath 21 |. of water at 0 
overnight. The process was repeated twice more on the 
lipids remaining in CHC, solution. These three treatments 
yielded 20-1 g., 16-5 g., and a negligible amount, respec- 
tively, of water-soluble material. The combined water- 
soluble material (about 50% of the orjginal petroleum- 
soluble material) yielded on hydrolysis only 1-5 % fatty acids 
and 3-4% unsaponifiable matter. It contained 9-7 % N and 
0-6% P. Paper chromatography (without hydrolysis) in 
butanol:acetic acid: water (40:10:50, v/v) showed the 
presence of ten substances staining with ninhydrin. The 
material presumably consisted largely of amino acids, and 
was discarded. 

In the hope of removing further basic or amino acid con- 
taminants, the lipid was next passed through a column of 
a sulphonated, lightly cross-linked polystyrene (specifica- 
tion of Partridge & Brimley, 1952). The solvent for this 
purpose should be as aqueous as possible. The lipid (37-2 g.) 
was not completely soluble in 50% aqueous ethanol but by 
gradual addition of other solvents it was found to give a clear 
solution in a final mixture of 400 ml. water, 450 ml. ethanol, 
90 ml. ether and 90 ml. CHCI,. The base-absorbing capacity 
of the column used was equivalent to 3-6 g. NaOH. After 
passage through the column, the lipid solution separated 
abruptly into two phases, some substance being removed 
which had contributed to the original complete miscibility. 
The column was washed with a further 21. of the solvent 
mixture, and the combined eluate also settled into two 
phases. These were separately evaporated, yielding 30-2 g. of 
lipid from the lower phase and 5-7 g. from the upper phase. 
The column was then washed with aqueous 0-075 N-NaOH, 
which removed the remaining 1-3 g. of the original extract. 
This latter material yielded no fatty acids, but 2-3% of 
unsaponifiable material on hydrolysis. It contained 
10-6 % N and 0-7 % P. It was thus essentially non-lipid and 
was discarded. These various manipulations are illustrated 
in Fig. 1 and some analytical data on various products are 
given in Table 1. The glycerophosphate P is the true 
(soluble Ba salt) value (Olley & Lovern, 1953). A trace of 
‘false’ glycerophosphate P was found in the original extract 
and this was concentrated in the upper phase lipid after the 
polystyrene treatment, which gave an ‘apparent’ glycero- 
phosphate P value of 2%. For the lower phase lipids, true 
and apparent glycerophosphate values were identical. 
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Fig. 1. Fractionation scheme for ethanol:ether extract of haddock flesh. All weights corrected for analytical 
and manipulative losses. For ‘Folch’ purification see Folch et aj. (1951). 
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Table 1. Analytical data on various products during lipid purification 
(All values are % constituent in fraction except N:P ratio which is atomic ratio.) 
; Glycero- 
Material N P NP Choline phosphate P 
Original extract 6-4 1-6 8-9 7-0* 1-0 
Lipid after three Folch treatments 3-3 31 2-4 _— aa 
Lower phase after resin treatment 3-8 3-1 2-7 8-6*, 4-87 2-0 
Upper phase after resin treatment 1-2 2-9 0-9 5-0*F 1-8 
* Direct reineckate estimation. + True values, Street ef al. (1946). 
60 30 30 
Upper phase U Lower phase i Crude lecithin fractions P 
= 40 
3 
2 
~ 
c 
2 
o 
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20 
0 
10 20 10 20 10 20 
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: Fraction numbers ; 
Ethanol soluble (a) b) (c) Light petroleum- 
direction ( soluble direction 


Fig. 2. Countercurrent distribution of (a) ‘upper phase’ lipids (U), (b) ‘lower phase’ lipids (Z), (c) combined crude 
lecithin fractions (P) of ethanol:ether extract of haddock flesh. Solvents, light petroleum (b.p. 40-60°) and 85% 
ethanol (v/v). Volume ratio (a) and (6) 1:1; (c) 4:1. Ordinates: fraction yields (%). Abscissae: fraction numbers. 
Ethanol-soluble direction to left, petroleum-soluble to right. 


Countercurrent distribution 


The upper and lower phase lipids were each submitted to 
countercurrent distribution between light petroleum (b.p. 
40-60°) and 85% ethanol (v/v), in the manner described 
previously (Lovern & Olley, 1953). In both cases a series of 
ten flasks of light petroleum was used and ten successive 
batches of ethanol were passed through the system and run 
off to give fractions 1-10 respectively. The petroleum solu- 
tions remaining in flasks 10-1 (in that order) were evapor- 
ated to give fractions 11-20, the numbered fractions thus 
forming a continuous sequence according to changing 
partition ratio. For the upper phase lipids the volumes of 
solvent were 100 ml. of each phase in all batches, and for the 
lower phase lipids 300 ml. The fraction yield curves are 
shown in Fig. 2 (a) and (b) for upper and lower phase 
respectively. 

There were marked changes in the appearance of the 
various fractions obtained in both cases. Of the upper phase 
lipids, fractions U 1-3 had a typical ‘lecithin’ appearance, 
fraction U4 was a gum, U 5-6 were liquid, U7 was partly 
liquid and partly crystalline, U 8-10 were mainly crystalline, 
U11-17 resembled soft fats, U18 was mixed and rather 
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wax-like, U19 was wax-like and U 20 was again a liquid. 
Clearly the original material was a very complex mixture, 
but about 65 % of the total was concentrated in the lecithin- 
like fractions 1-3. Mere traces of cholesterol could be 
detected in U 16, where cholesterol might be expected to be 
concentrated (Lovern & Olley, 1953). 

Of the lower phase lipids, fractions L 1-6 had a typical 
lecithin appearance, L7 was clearly a mixture, L 8-10 were 
gums, L11-17 were waxy, L18 was a liquid and L 19-20 
were again phosphatidic in appearance but exceptionally 
dark in colour. Mere traces of cholesterol were detected in 
[14 and 18. The lower phase lipids were thus also a complex 
mixture, showing many features in common with the upper 
phase lipids, but differing mainly in that some 28% was 
found as a phosphatide-like substance in L19 and 20. This 
material is quite different from lecithin or any other known 
phosphatide (including sphingomyelin, see below) in its 
distribution behaviour. 

Fractions were pooled in both series, on the basis of simi- 
larity in appearance, partition ratio, etc., and then certain of 
these were pooled between one series and the other. Thus 
fractions U 4-6 and L8-10 were combined as a predomi- 
nantly gummy fraction (2-0 g.), U7-10 as a crystalline 
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fraction (0-3 g.), U11-18 and L11-17 as a soft fat-like or 
waxy material (3-4 g.), V 19-20 and L 18 as a liquid fraction 
(1:0 g.) and L19-20 as a phosphatide-like substance 
(8-6 g.). 

The main lecithin-containing fractions (U 1-3 and L 1-7) 
were not pooled into one fraction, since it was considered 
desirable to effect some further separation by counter- 
current distribution with a higher petroleum: ethanol ratio. 
Fractions U1 and L1 were combined and added to 400 ml. 
of light petroleum in the first of a series of ten flasks. 
Fractions U2 and L2 were similarly added to 400 ml. of 
light petroleum in flask 2, fractions U3 and L3 in flask 3, 
and fractions [4-7 in flasks 4 to 7. Flasks 8-10 each con- 
tained 400 ml. of light petroleum only. Ten batches of 
100 ml. of 85% ethanol were passed through the series, 
giving fractions P (pooled material) 1-10 respectively and 
the petroleum solutionsin flasks 10-1 gave fractions P 11-20. 
The yield curve of this distribution is shown in Fig. 2 (c). 
Fractions P 11-20 (2-3 g.) were all viscous liquids, generally 
similar to fractions U 4-6 and L 8-10, with which they were, 
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therefore, combined to give 4:3g. material. Fraction 
P 1-10 all had a typical phosphatidic appearance and, on the 
basis of the distribution curve in Fig. 2 (c), they were pooled 
into three groups: P 1-3 (10-3 g.), P4~7 (6-1 g.) and P8-10 
(1-9 g.). 

All these manipulations are illustrated in Fig. 1. 


Examination of pooled fractions 


Pooled fractions were analysed for the following con. 
stituents: N, P, glycerophosphate (true and apparent), 
choline, ethanolamine (serine was absent), glycerol, inositol, 
fatty acids, unsaponifiable matter, plasmal. The results are 
given in Table 2. Detailed analyses by ester distillation 
were made of the fatty acids of fractions P 1-3 and L 19-20, 
The fatty acids of fractions P 4-7 were combined with thos 
of P 8-10, and those of U 4-6 etc. with those of U 11-18 ete., 
giving in each case about the minimum amount of material 
on which it is possible to carry out such an analysis. The 
results of these four fatty acid analyses are given in Table 3. 


Table 2. Analytical data on groups of pooled fractions from countercurrent distributions 


(All values except those in parentheses are % constituent in fraction.) 


Constituent 


P4-7 


Wt. of fraction (g.) 6-1 
N 1-9 
P 3-7 
(N:P) (1-1) 


Glycerophosphate P i 7 
75 
0-3 
1-2 
1-2 

59-5 
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(apparent) 
(true) 
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Choline 

Ethanolamine 

Glycerol 

Inositol 

Fatty acids 
(Iodine value of fatty acids) -— 

Unsaponifiable matter 2: 2-4 
(Iodine value of unsaponifiable) : (160) 
(Sap. equiv. of acetylated — _- 

unsaponifiable) 

Plasmal 

(Iodine value of plasmal) 


x 
Sawa 


| 


—~ 
_ 
=I 
bo 
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Fraction numbers 


U4-6, 
L8-10, U11-18, U19-20, 

P8-10 P1120 U7-10 LI11-I7 LIS L19-20 
1-9 43 0-3 3-4 1-0 8-6 
1:8 1-2 0-7 0-6 2-2 5-9 
3-4 23 0-3 0-7 0-8 1-4 

(1-2) (1-9) (61) (#1) 
2-4 0-7 0-6 13 
2:5 0-3 0-3 0-1 0-9 
53 Nil Nil 0-1 0-3 
0-5 0-1 0-1 0-2 0-5 
1-0 = 1-0 2-2 15 
0-7 0-1 0-2 0-4 13 

58-0 18-7 60:8 20:5 44:3 

ine (141) (167) = (135) ~~ (204) 
3-4 32-4 9-8 20-8 7-0 

(162) (170) (120) += (121)—Ss((102) 
ae = (435) (442) 


~~ 
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(5-2) 
0-3 


—_o 
Wee OSSOH HR: 
on) 


art 


11-4 5: 11-7 6-2 7-0 
(212) (154) (184) (115) 


he 
(229) 


Table 3. Composition of the fatty acids of certain fractions of haddock flesh lipids 


(All weights as % of total acids. Figures in parentheses indicate average unsaturation in hydrogen atoms.) 


Saturated acids 


Material ey Cie 
P1-3 15 6 
(Lecithin) 
P4-7+P8-10 ¢ 10 
(Lecithin plus unidentified A) 
U4-6 ete. +U 11-18 ete. 
(Unidentified B) 
119-20 
(Unidentified C) 


Unsaturated acids 
A t = ses 
Cao Coo Cig Coo 
2 10 37 
(-4:3)  (-68) 
6 22* 47 
(-5-0)  (-7-0) 
28 45 
(-4-0) (-8-0) 
<. es 45 
(-40)  (-8-0) 


* Also contained a trace of C,, unsaturated acids. 
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DISCUSSION 
Calculation of compositions 


It is clear from Table 2 that all pooled fractions are 
complex mixtures. Thus, although fractions P 1-3 
are clearly largely lecithin, they contain glycerol, 
inositol and unsaponifiable matter, none of which 
is produced on alkaline hydrolysis of lecithin. 
Most of the other fractions are even more hetero- 
geneous. It seemed best to calculate the composition 
of each group of fractions along the lines followed in 
previous papers (Lovern & Olley, 1953; Olley & 
Lovern, 1953). In attempting to do this, however, 
it proved impossible in some cases to achieve a 
balance among the various constituents. 

Plasmals. A particular difficulty concerns the 
plasmals. These were determined gravimetrically 
(Olley & Lovern, 1953), after it had been ascertained 
that all fractions except P 1-3 and P4-7 gave weak 
positive spot tests with the fuchsin reagent. The 
quantities of aldehyde actually recovered were 
sometimes larger than anticipated from the spot 
test (e.g. in fractions P8—-10 and U7-—10) and were 
far larger than would be possible from classical 
plasmalogens based on ethanolamine. Unfortu- 
nately, the small amounts of plasmals left over from 
the iodine value determinations were not tested for 
an aldehyde reaction, such as was satisfactorily 
demonstrated in earlier work (Olley & Lovern, 
1953), until some 4 or 5 days after isolation. At this 
stage they failed to show any reaction with the 
fuchsin reagent. Since their iodine values were not 
only extremely high for plasmals, but roughly 
paralleled those of the fatty acids isolated from the 
same fractions, suspicion was aroused that they 
might represent soaps which had remained in the 
ether layer when the fatty acids were removed by 
washing with aqueous alkali. That this was most 
unlikely, however, was shown by carrying out 
exactly similar processes on a sample of cod-liver 
oil, which yielded the expected amounts of fatty 
acids and unsaponifiable matter, but no plasmal 
fraction. Thus the material described in Table 2 as 
plasmal represents a neutral substance, present 
originally in a larger molecule which on alkali 
hydrolysis gives a water-soluble potassium salt, and 
which is liberated virtually immediately on acidi- 
fication of this salt. Of all the known lipids, only the 
plasmalogens meet these requirements. 

Plasmalogens have been reported analogous to 
all the established glycerophosphatides. In addi- 
tion, there is evidence of the existence of other 
plasmalogens of unknown structure. Thus, Lovern 
(1952) found in ox-brain phosphatides certain 
fractions containing plasmal in excess of that 
attributable to all known plasmalogens based on 
choline, ethanolamine or serine. The same was noted 
for the plasmalogens of the haddock lipids described 
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in the preceding paper (Olley & Lovern, 1953). In 
the present work, as in that reported in the previous 
papers, evidence was found of the occurrence of new 
classes of fatty acid derivatives (see below), and we 
suggest that they may be accompanied by corre- 
sponding classes of plasmalogens. 

In calculating the distribution of hydrolytic 
fragments such as choline, ethanolamine and 
glycerophosphate, it has been assumed that they 
are uniformly distributed between ester phos- 
phatides and acetal phosphatides, with one alde- 
hyde radical equivalent to two fatty acid radicals. 
A similar distribution has been assumed, of neces- 
sity, for ‘unidentified lipid’, but waxes and inositol 
lipid have been calculated as if exclusively fatty acid 
esters. Plasmalogen contents, without subdivision 
into different types, have been calculated directly 
from the plasmal values, as if all plasmalogen was 
the classical ethanolamine-containing material. 

Unsaponifiable matter. As in previous papers, the 
unsaponifiable matter has been assumed to consist 
essentially of higher aliphatic alcohols, and saponi- 
fication equivalents of the acetates in excess of 300 
have been attributed to the presence of non-alcoholic 
matter, e.g. hydrocarbons. In the present series, 
a steady increase in saponification equivalents in the 
more petroleum-soluble fractions is in line with 
previous experience. For calculations, the un- 
saponifiable matter of fractions P1—3, P4-7 and 
P 8-10 has been assumed to be entirely alcoholic, by 
analogy with previous findings (Olley & Lovern, 
1953), and the saponification equivalent of the 
acetylated material from fraction U 7-10, which was 
insufficient for analysis, has been taken as 400. 

The occurrence of nitrogen in the unsaponifiable 
matter has been mentioned previously (Olley & 
Lovern, 1953) and, largely on the basis of paper 
chromatography, it was concluded that this 
nitrogen could not be attributed to sphingosine. 
However, our hydrolytic procedure, involving 2 hr. 
refluxing with 0-5N ethanolic potassium hydroxide, 
has been chosen primarily as giving the fatty acids 
of glycerophosphatides in relatively undamaged 
condition (hydrolysis by refluxing with 6N aqueous 
hydrochloric acid, for instance, producing much 
darkening and fall in iodine value of the fatty acids) 
and permitting separation of plasmals from other 
unsaponifiable matter. 

Work now in progress in our laboratory on the 
properties of sphingomyelin has confirmed the 
findings of others (Thannhauser & Frankel, 1931; 
Freytag & Smith, 1933; Rouser, Berry, Marinetti & 
Stotz, 1953) that alkaline hydrolysis in ethanolic 
solution does not yield free sphingosine, at least as 
a major product. With our procedure much of the 
sphingomyelin was converted into an acidic product, 
presumably by loss of choline only, with a nitrogen: 
phosphorus ratio of nearly 1. The unsaponifiable 
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matter obtained had a nitrogen content of 2-5 %, 
with only traces of phosphorus, and was presumably 
fatty acid amides of sphingosine (ceramides) as 
found by Thannhauser & Frankel (1931) and 
Freytag & Smith (1933). 

It is, therefore, probable that part of the nitrogen 
in our unsaponifiable matter represents ceramides. 
However, ceramides do not make up the major part 
of this unsaponifiable matter. A countercurrent 
distribution between light petroleum and 85% 
ethanol of a sterol-free unsaponifiable preparation 
from the entire acetone extract of haddock flesh 
(corresponding to the combined fractions A, B and C 
of our previous papers), which contained 0-8% 
nitrogen, showed that most of it was concentrated 
at the petroleum end with a nitrogen content of 
about 0-4 %, and at the ethanol end was about 30% 
of the original with a nitrogen content of 2-0%, 
suggesting that of a ceramide (about 2-2 %). 

We have found that sphingomyelin gives a 
countercurrent distribution pattern very like that of 
lecithin in our system. The solubility properties of 
ceramides (Thannhauser & Frankel, 1931) suggest 
that if they occurred free in our lipid extracts (cf. 
Frankel & Bielschowsky, 1932), they also would 
accompany the lecithin on countercurrent distribu- 
tion. This, together with our finding with the un- 
saponifiable matter from the total acetone extract, 
suggests that ceramides should not occur in the 
unsaponifiable matter of fractions well towards the 
petroleum end of the countercurrent sequence. 

The presence of nitrogen (and phosphorus) in 
fatty acids (Olley & Lovern, 1953) might now, 
apparently, also be attributed to partially split 
sphingomyelin but, as with the unsaponifiable 
matter, not all of it can be accounted for in this way. 
Although, unfortunately, we have not routinely 
determined the nitrogen and phosphorus contents of 
fatty acids from various fractions, we have observed 
an atomic nitrogen:phosphorus ratio of nearly 
unity only with fractions obtained near the ethanol 
end of the sequence. With fractions nearer the 
petroleum end the fatty acid nitrogen is far in 
excess of the fatty acid phosphorus, e.g. the fatty 
acids from fractions L 12, 15, 18 and 20 in the present 
series contained 0-13, 0-17, 0-27 and 0-18 %(weight) 
nitrogen respectively but only 0-05, 0-06, 0-09 and 
0-16 % (weight) phosphorus. 

The high degree of unsaturation of the unsaponi- 
fiable matter, particularly in the more ethanol- 
soluble fractions where ceramides should be concen- 
trated, may be contrasted with the typical sphin- 
gomyelin product with predominantly saturated 
fatty acids. 

Since routine nitrogen analyses were not made on 
the various unsaponifiable fractions it is impossible 
to calculate the possible ceramide content. How- 
ever, in view of the items raised above, it would 
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appear rather unsafe to do, and would certainly be 
so with the more petroleum-soluble fractions, which 
are rich in unsaponifiable matter. 

The unsaponifiable matter gave no colour with 
antimony trichloride and hence does not contain 
vitamin A. 

Inositol. The chemistry of inositol-containing 
lipids is still little known, but it is clear that more 
than one type of compound is involved. The counter- 
current distribution of the present extract shows the 
existence of two inositol lipids concentrated 
respectively at the extremities of the system, and 
possibly another at fraction U 4-6, etc. Counter- 
current analysis of soybean and maize phosphatides 
has likewise demonstrated the existence of two 
types of inositol lipids concentrated respectively at 
opposite ends of the distribution sequence (Schol- 
field, Dutton, Tanner & Cowan, 1948; Scholfield, 
McGuire & Dutton, 1950). In the absence of any 
information as to structure, the diphosphoinositide 
of brain (Folch, 1949) containing 21 % of inositol has 
been taken as a basis for calculating the amount of 
inositol lipid in the various fractions. A uni- 
molecular fatty acid : inositol ratio has been assumed 
in calculating fatty acid distribution. 

7lycerol. All fractions yielded some free glycerol 
on hydrolysis by refluxing 2 hr. with 0-5N-ethanolic 
potassium hydroxide (there was insufficient of 
fractions U7—10 for glycerol determination). It is 
improbable that this was derived from triglycerides. 
The original tissue contained only very small pro- 
portions of triglycerides and these should have gone 
entirely into the acetone extract (Lovern & Olley, 
1953). The possibility of ‘bound’ triglycerides, 
liberated by ethanol but not by acetone, is remote, 
since triglycerides are usually lacking in bound 
lipids, although they have been reported in the 
thromboplastic lipoprotein of ox lung (Chargaff, 
Bendich & Cohen, 1944). However, even if tri- 
glycerides were present in the _ ethanol:ether 
extract, they would have been sharply concentrated 
at the extreme petroleum end of the countercurrent 
distribution (Lovern & Olley, 1953). 

It is known that some inositol lipids give free 
glycerol on hydrolysis (De Siit6-Nagy & Anderson, 
1947; Folch, 1949); the former workers employed 
alkaline hydrolysis. It has already been mentioned 
that an acetone extract corresponding to the earlier 
fractions B+C (which must have been free from 
triglycerides, after repeated acetone precipitation) 
contained 1-:1% inositol. This same material 
yielded 0-5 % glycerol on alkaline hydrolysis. 

The ratio of glycerol to inositol varies considerably 
in the different fractions, and there is more glycerol 
than corresponds to the 1:1 ratio of brain diphos- 
phoinositide. Neverthéless, it seems likely that 
much of the glycerol has been derived from inositol 
lipids. There is the same general tendency to con- 
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centration at the ends of the countercurrent 
distribution. No direct use of the glycerol values 
has been made in calculating the composition of the 
various fractions. 

Unidentified lipids. The acetone extract of 
haddock flesh contained considerable proportions 
of a lipid, probably a phospholipid, with an un- 
identified base (Olley & Lovern, 1953). The same base 
was detected in the ethanol:ether extract up to 
fractions U 11-18 ete., but not further towards the 
petroleum end. In the acetone extract, the major 
portion of unidentified lipid overlapped and im- 
mediately followed the lecithin on countercurrent 
distribution, while there was a trail of very small 
quantities right through to the petroleum end of the 
sequence. The major portion had a phosphatidic 
appearance whereas the later material was gummy 
or waxy and was probably a different substance. In 
the ethanol: ether extract, a significant part of the 
unidentified lipid also overlapped with and closely 
followed the lecithin on countercurrent distribution. 
This material occurred in fractions P 4-7 and P 8-10, 
which had an entirely phosphatidic appearance. 
However, important proportions of unidentified 
lipid occurred in fractions U 4-6 etc. and U11-18 
ete. which were gummy or waxy in consistency. This 
material was probably analogous to the unidentified 
lipid of the more petroleum-soluble fractions of the 
acetone extract. Since this gummy lipid forms an 
appreciable proportion of the total unidentified 
lipid in the ethanol:ether extract, it seems in- 
appropriate to combine it, as was done with the 
acetone extract, into one group with the other 
phosphatide-like unidentified lipid. The latter has 
accordingly been given the temporary designation 
‘unidentified lipid A’ and the former ‘unidentified 
lipid B’. Calculations of the amounts of these have 
been made from the quantity of fatty acid available, 
assuming the same fatty acid content as in lecithin 
(ef. Olley & Lovern, 1953). 

Fractions L 19-20 (and presumably to a much less 
extent fractions U 19-20 etc.) contained an un- 
identified lipid of an entirely different type. It 
again had a phosphatidic appearance and its 
countercurrent distribution behaviour is distinctive. 
Apart from traces of choline and ethanolamine, the 
high nitrogen content represents unidentified 
material. The bases present in the aqueous phase 
after alkaline hydrolysis were precipitated with 
phosphotungstic acid and from the precipitate a 
base fraction equivalent to only 3-4% of the 
original lipid was recovered by extraction with 
aqueous barium hydroxide. Most of the nitro- 


genous substances remained firmly linked to the 
phosphotungstie acid. The recovered material was 
a pale viscous liquid, readily soluble in water and 
ethanol, containing 8-3 % nitrogen and 2-5 % amino 
nitrogen. The latter required 1-5 hr. for complete 
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liberation by nitrous acid. Spectroscopic examina- 
tion showed only a progressive increase in absorption 
with decreasing wavelength in the ultraviolet, the 
absorption curve becoming very steep below about 
260 mp. Paper chromatography in butanol: acetic 
acid : water (40: 10:50, v/v) showed one spot reacting 
with ninhydrin (Rp=0-18), but no spots reacting 
with phosphomolybdie acid or ammoniacal silver 
nitrate. Fraction L 19-20 was rich in the base inter- 
fering in the reineckate assay of choline. 

The unidentified lipid in fractions U 19-20 ete. 
and [19-20 has been calculated from the available 
fatty acids, as with the other unidentified lipids. To 
distinguish it from these it has been temporarily 
named ‘unidentified lipid C’. 

Non-lipids. These have been estimated by differ- 
ence, as in previous papers. In two cases (P8-10 
and U 11-18), the sum of the calculated lipid con- 
stituents amounted to over 100% (105 and 102% 
respectively). In these fractions it was, therefore, 
necessary to reduce the amounts of all hypothetical 
lipids slightly and to ignore the possible presence of 
non-lipid. 

Unused data. The presence of small but increasing 
amounts of choline and ethanolamine in fractions 
above U 11-18, etc., may be noted. The choline 
cannot be attributed to lecithin or sphingomyelin; 
possibly both bases are present in plasmalogens. 
They have not been included in calculations with 
these fractions. In fractions P1-3 only there is 
a considerable excess of choline and a small excess 
of glycerophosphate over the fatty acids available 
for lecithin. A similar finding was made with the 
acetone extract of haddock flesh (Olley & Lovern, 
1953). In fractions P1—3, therefore, the lecithin 
content has been calculated from the available 
fatty acids after allowing for inositol- and ethanol- 
amine-containing lipids and wax esters, whereas in 
later fractions lecithin has been calculated from the 
choline content. 


Composition of ethanol: ether extract 


The results of the above calculations are given in 
Table 4, which also shows the composition of the 
total extract. The latter may be compared to the 
acetone extract (Olley & Lovern, 1953). The ethanol: 
ether extract differs from the acetone extract not 
only in items which might be anticipated, such as 
cholesterol, triglycerides and free fatty acids, but in 
its content of unidentified lipids B and C (there must 
be some overlap between the various unidentified 
lipids, which has had to be ignored in the calcula- 
tions). Lecithin, however, is again the most plenti- 
ful component of the total lipid mixture. The two 
extracts are very similar in their content of phos- 
phatidylethanolamine, waxes, and hydrocarbons, 
but the ethanol:ether extract contains more 
plasmalogen, which is of doubtful composition, 


is 
> 
8 
< 
> 
eS) 
& 
S 
% 
SS 
> 
< 
> 
SN 
~ 
= 
> 
x 
> 
= 
> 
LS 
= 
= 
> 
s 
% 
= 
= 
s 
8 
8 
~ 
S 
< 
= 
g 
= 
» 
« 
S 
~ 
= 
= 
SS 
~~ 


Table 4. 


All weights in g.) 


(Calculated as shown in text, pp. 691-3. 


Non-lipids 


Hydro- 
carbons 


Alcohols Inositol 
and waxes lipid 


Plasmalogens 


Unidentified 
lipid C 


Unidentified 
lipid B 


lipid A 


Phosphatidyl Unidentified 
lamine 


ethar 


Lecithin 


Fractions 


0-7 


0-5 


U 11-18, ete. 
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U 19-20, ete. 


(5-6) 


* Only about 62% of the total, due to selective losses in removal of non-lipids. 


Total (as % of 


original material) 


however. In spite of the large proportion of non- 
lipids removed in the preliminary treatments, the 
purified ethanol:ether extract appeared still to 
contain about as much non-lipid as the total light- 
petroleum-soluble fraction of the acetone extract. 
However, the assumptions made in calculating the 
large proportions of unidentified lipids in the 
present extract probably result in inaccurate 
estimates of non-lipid matter. 


Fatty acids 


The fatty acid compositions given in Table 3 
should be compared with those of other fractions of 
haddock-flesh lipids (Olley & Lovern, 1953). The 
main lecithin fraction of the ethanol:ether extract 
(P 1-3) resembles the lecithins extracted by acetone. 
The predominant saturated acid is palmitic and the 
unsaturated acids are mainly highly unsaturated 
Cy) and C,, derivatives. A new feature is the presence 
of a little C.. saturated acid. The trend towards 
higher average unsaturation of the fatty acids in 
lecithins soluble in acetone compared to lecithins 
insoluble in acetone has been shown (Olley & 
Lovern, 1953). Possibly a lecithin containing a 
saturated C,, acid would be so insoluble in acetone 
as not to occur in the total acetone extract of the 
tissue. The general unsaturation of the lecithins of 
the ethanol:ether extract resembles that of the 
acetone-insoluble lecithins of the total acetone 
extract. 

Fractions P 4-7 and P8~10 are largely a mixture 
of lecithin and an unidentified lipid (A) similar to 
that found in the acetone extract, but containing 
a higher proportion of lecithin than the previous 
concentrates of this unidentified lipid. The fatty 
acids of the latter (Olley & Lovern, 1953) differed 
from those of the lecithin fractions principally in 
that stearic acid replaced palmitic acid as the main 
saturated acid. The same trend, but to a reduced 
extent, may be noted in the less rich concentrates of 
unidentified lipid A of fractions P4-7 and P8-10. 
The occurrence of saturated C,, acids may again be 
noted. The unsaturated acids of fractions P 4-7 and 
P 8-10 differ widely from those of the unidentified 
lipid of the acetone extract, much more resembling 
those of fractions U4-6, etc., which represent 
largely unidentified lipid B. The probability of con- 
siderable overlap of lipids A, B and C has been 
mentioned, and in addition the compositions given 
in Table 3 can only be approximate in view of the 
marginal amounts of material available for analysis. 
Nevertheless, the unsaturated acids of unidentified 
lipid A in the ethanol:ether extract appear to be 
different from those of the similar fraction of the 
acetone extract. A levithin fraction (1C) with 
a somewhat similar trend was encountered in the 
acetone extract (Olley & Lovern, 1953). 
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Fractions U4-6 ete. plus U11-18 ete. are a 
mixture in which the postulated unidentified lipid B 
isthe main component. In spite of the large range of 
primary fractions included, the pooled groups 
U4-6 ete. and U 11-18 etc. show a general similarity 
of composition (Tables 2 and 4). It should be noted 
that the very small intermediate group U7-—10 
represents upper phase lipids only and was peculiar 
in being largely crystalline. Its composition was 
entirely different from that of the two adjacent 
groups in Tables 2 and 4. Since the lower phase 
lipids were quantitatively far the more important, 
fractions U4-6 etc. and U11-18 etc. may be 
regarded as largely representing a continuous 
sequence from L 8-17. 

The fatty acid composition of this group of 
fractions is quite different from that of all the other 
haddock flesh lipids yet encountered. The saturated 
acids resemble those of the various lecithin fractions, 
but the unsaturated acids are remarkable for the 
complete absence of C,, derivatives, the compen- 
sating increase being in C,, acids. The lack of C,, 
saturated acids may also be noted. 

If it were not for the variations in the saturated 
acids, it would be tempting to explain the fatty acid 
composition of fractions P 4-7 plus P 8-10 as that of 
a mixture of lecithin and unidentified lipid B, with 
no evidence of appreciable proportions of un- 
identified lipid A in the ethanol:ether extract. This 
is the more plausible because the small amounts of 
saturated esters available for distillation made the 
saturated acid percentages particularly liable to 
error. With the information at present available, 
the matter must remain unsettled. 

Fractions L 19-20 include unidentified lipid C as 
the main component. The fatty acids of this lipid 
follow the general lecithin pattern in their un- 
saturated members, but the saturated mixture 
differs in having equal proportions of palmitic and 
stearic acids. Saturated Cy, acids are again in 
evidence. The remarks above on the greater risk of 
error in determining the saturated acid than the 
unsaturated acid percentages apply here also. 

All these fractions show general similarity to the 
various phosphatides of the acetone extract, in 
containing 20-30% of saturated acids and in the 
high content of highly unsaturated acids. In all of 
them the C,, acid, arachidonic acid (or an isomer) is 
the most plentiful constituent. 


Non-lipid impurities 
The gross contamination of this ethanol:ether 
extract with non-lipid material is notable. The 
haddock flesh had been previously exhausted with 
acetone, which removed relatively enormous 


amounts of non-lipid matter, e.g. about 2% of the 
tissue weight as material insoluble in light petroleum 
in the first (wet) acetone extract (Lovern, 1953). The 
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light-petroleum-soluble portion of the combined 
acetone extracts (0-57 % of the tissue weight) con- 
tained a further 16 % of non-lipids (Olley & Lovern, 
1953). In spite of this previous extraction, the 
ethanol: ether extract contained 53-5 % of non-lipid 
removed prior to countercurrent distribution. Most 
of this was soluble in light petroleum in the presence 
of phospholipids. Muscle tissue is, of course, a rich 
source of ‘extractives’, but these results emphasize 
the futility of recording nitrogen and phosphorus 
contents of crude lipid extracts as indicative of 
phospholipid content. 

The effectiveness of the purification procedure of 
Folch et al. (1951) has also been tested on an 
acetone extract of haddock flesh corresponding to 
the combined earlier fractions B+C, which con- 
tained 22-4 % of non-lipids (Olley & Lovern, 1953). 
Three treatments removed 17% of non-lipids. In 
the present work, the impurities removed by this 
method contained 72 % of the nitrogen and 16 % of 
the phosphorus of the original crude extract. The 
loss of lipid is small but selective, since although only 
2-5% of the total fatty acids were removed, 38% 
of the total unsaponifiable matter was lost. Folch 
et al. (1951) also noted a selective lipid loss with 
brain extracts, the feature most directly relevant to 
the present work being a selective loss of diphos- 
phoinositide. We had not commenced our micro- 
biological inositol assays when we used the Folch 
process, and had no reason from paper-chromato- 
graphic data to look for inositol. It is possible, 
therefore, that our reported inositol values are too 
low. However, even if all the fatty acid lost by the 
Folch treatment represented inositol lipids, these 
would still be no more than a minor constituent of 
the total extract. 

The procedure of Folch et al. appears to be the 
simplest effective purification technique yet re- 
ported, particularly when relatively large amounts 
of material are involved. It does not suffer from one 
possible disadvantage of purification by acid-re- 
generated cation-exchange resins, the risk of hydro- 
lysis of lipids if contact is prolonged (Sussman, 1946). 

The material removed as insoluble in light 
petroleum, and on the ion-exchange resin, likewise 
contained small proportions of lipids rich in un- 
saponifiable matter. This suggests that such lipid 
is present in combination with amino acids or similar 
compounds. Similarly, the manner in which ‘extra’ 
nitrogen and phosphorus accompany phospholipids 
during countercurrent distribution suggests the 
presence of complexes of phospholipids with other 
substances. 


SUMMARY 
1. Haddock flesh previously extracted with 


acetone was extracted with ethanol:ether (3:1, 
v/v). The crude product, although entirely soluble 
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in light petroleum, contained over 50 % of non-lipid 
impurities. A large part of this impurity was 
readily removed by the method of Folch e¢ al. (1951) 
with only small accompanying loss of lipids. This 
loss was, however, selective. Some additional non- 
lipid was removed with an ion-exchange resin. 

2. The purified extract was examined by counter- 
current distribution between light petroleum and 
85% ethanol. The component lipid classes found 
were lecithin, phosphatidylethanolamine, plasma- 
logens, waxes, hydrocarbons, inositol lipids and 
unidentified material. This last included possibly 
three different types of lipid. 

3. The plasmalogen could not be satisfactorily 
characterized and much of it probably did not 
correspond to the established formula. The inositol 
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lipids included two and possibly three components, 
Certain unidentified lipids were accompanied by 
a nitrogenous base previously reported (Olley & 
Lovern, 1953) and another fraction by a different 
nitrogenous compound or compounds. 

4. The lecithin contained a fatty acid mixture 
generally similar to that of other lecithins pre- 
viously isolated from haddock flesh. The unidenti- 
fied lipids contained fatty acids showing certain 
variations from the lecithin pattern, but all similar 
in containing 20-30 % of saturated components and 
having Cy.) acids, arachidonic acid or an isomer, as 
the most plentiful constituent. 

The work described above was carried out as part of the 
programme of the Food Investigation Organization of the 
Department of Scientific and Industrial Research. 
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Zinc and Carbonic Anhydrase in Human Semen 


By C. A. MAWSON anp M. I. FISCHER 
Biology Branch, Atomic Energy of Canada Lid., Chalk River, Ontario, Canada 


(Received 25 April 1953) 


The prostate glands of the rabbit and of man, and 
the dorsolateral prostate of the rat, contain a very 
high concentration of zinc (Mawson & Fischer, 1951, 
1952a). The source of the zine found in human 
semen by Bertrand & Vladesco (1921) and in ram 
sperm and seminal plasma by Mann (1945) is not 
known, but it seemed possible that this could be 
investigated in man by collecting the first, middle 
and last portions of each ejaculate separately and by 
estimating the zinc content of the separate fractions. 
Gutman & Gutman (1941) showed that acid phos- 


phatase, which can be assumed to originate in the 
prostate gland, occurs mainly in the first fraction. 
Lundquist (1949) and Pryde (1950) estimated 
fructose in separate fractions, and found most of the 
fructose in the last fraction which they assumed to 
come from the seminal vesicles. 

Any attempt to explain the presence of zine in 
tissues must take into account the fact established 
by Keilin & Mann (1940) that zine is the prosthetic 
metal of carbonic anhydrase. Mawson & Fischer 
(19526) have shown that the high concentration of 








1953 


nts, 
| by 
y & 
rent 


ture 
pre- 
nti- 
tain 
ilar 
and 


' the 
' the 





Vol. 55 


zinc in rat dorsolateral prostate is accompanied by 
high carbonic anhydrase activity, though only part 
of the zinc in that tissue could be accounted for as 
carbonic anhydrase. A few estimations of carbonic 
anhydrase have been made on human sperm and on 
the seminal plasma obtained from three separated 
fractions of the semen, but only small amounts of 
the enzyme were found in the sperm, and little or 
none in the seminal plasma. 


METHODS 


Glassware. All apparatus used for zine analyses was 
cleaned with 2n-HNO, overnight, and was then washed in 
zinc-free distilled water. Pyrex glassware was used through- 
out, and all vessels were kept covered except when in use. 

Collection of specimens. Ejaculates from five donors were 
collected in three fractions, in three separate containers. 
The proportions of fractions varied, but usually the second 
fraction was the largest. The semen was allowed to liquefy 
by standing at 37° for 15-30 min. and samples were removed 
for morphological examination and sperm count. The 
specimens were then centrifuged, the plasma removed as 
completely as possible, and the sperm from the three 
fractions from each donor pooled and recentrifuged. The 
spermatozoa were not washed, as it was feared that this 
might lead to loss of zine. 

Analytical methods. Samples of sperm and plasma were 
measured into platinum dishes, dried overnight at 95-105° 
and ashed for 16 hr. at 520°. Zinc was estimated in the ash 
by the method of Vallee & Gibson (1948). Carbonic an- 
hydrase was estimated by the colorimetric method of 
Roughton & Booth (1946) in sperm which had been re- 
peatedly frozen and thawed and made up to volume in 
saponin solution (1-0 mg./100 ml.). The buffer used was 
0-022. veronal in @:022M sodium veronal. (A misprint in 
the original paper gives the sodium veronal concentration as 
0-22m.) Our unit was defined as the amount of enzyme 
which would double the rate of the uncatalysed reaction 
under our working conditions, and it was found that one 
unit of purified enzyme (0-22% Zn) had a dry weight of 
0-225 ng. Our unit has about one-half the value of that used 
by Keilin & Mann (1940) who carried out their estimations 
by the manometric method of Meldrum & Roughton (1933). 


RESULTS 


Characteristics of semen fractions. Specimens were 
obtained from each donor on three occasions and 
zinc estimations were made on the whole semen, the 
plasma and the sperm. The extent to which the 
fractions differed from one another may be seen in 
Table 1; sperm counts in the three fractions differed 
significantly from each other (P < 0-01), whereas the 
content of dry matter was about the same in all 
fractions. The results from one donor (no. 4) have 
been omitted in calculating the mean dry weights 
because the specimens were very small (total 
volume about 1 ml.) and had dry weights averaging 
5-1, 4-6 and 5-9 % respectively for fractions 1, 2 and 
3. A high proportion of the sperm from donor no. 1 


ZINC AND CARBONIC ANHYDRASE IN HUMAN SEMEN 697 


Table 1. Sperm count and content of dry matter 
in fractionated semen 


(Number of specimens: 12 for fractions 1 and 2, 11 for 
fraction 3. Results are means (+8.£. for sperm count).) 


Fraction Sperm count Dry matter 
no. (millions/ml.) (g-/100 ml.) 
1 320+55-3 7-8 
2 73+16-4 8-3 
3 20+ 43 8-5 
Separated sperm 17-6 


were abnormal in form, and the semen of donor no. 2 
liquefied only with difficulty, though rapid lique- 
faction occurred if a little of the plasma from 
another donor was added. 

The appearance of the semen when viewed with 
the phase-contrast microscope showed consistent 
differences between the three fractions in all cases. 
The sperm in the first fraction, which contained 
about 80 % of the total number of cells, were highly 
active, whereas those in the second portion were 
nearly all sluggish or dead. In the third portion 
some feebly motile sperm were seen, but most of 
those present were dead. A very few highly motile 
sperm did, however, occur in the third specimen, 
and it was shown that the plasma of the second and 
third fractions was not toxic, because it had no 
detrimental effect on the motility of sperm taken 
from fraction 1. 

Zine in semen. The zinc content of the three 
fractions of semen is shown in Table 2, together with 
that of the pooled sperm. The zine content of the 
plasma separated from each fraction is not shown 
because it did not differ significantly from that of 
the uncentrifuged specimen. 

The figures for sperm are not complete, owing to 
occasional difficulty in separation of sperm from 
mucous material or because insufficient sperm were 
available for weighing with the necessary accuracy. 
The statistical analysis in the case of the sperm has 
therefore been based upon five figures, each of 
which is the mean value obtained from one donor. 
The zinc content of the first fraction of semen differs 
significantly from that of the second (P< 0-01), but 
the second and third fractions are not statistically 
distinguishable in this respect (0-2>P> 0-1). 

Dialysis of seminal plasma. Four specimens of 
unfractionated semen were centrifuged and the 
plasma dialysed overnight in cellophan bags, using 
running distilled water at 4-6°. The zine content 
decreased in all specimens, but Table 3 shows that 
the proportion of dialysable zinc was variable. 

Carbonic anhydrase in semen. The seminal plasma 
contained less than 0-005 unit carbonic anhydrase/ 
mg., which is a negligible amount, and although the 
enzyme was present in the sperm, the concentration 
was no greater than that found in perfused brain or 
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Table 2 


- Zine content of semen fractions and of separated sperm 


Zine content in fractions (mg. Zn/g. dry wt.) 
A _ 


Donor 
no. 1 

2-67 
3-54 
2-19 
5-98 
4-61 
3-12 
1-60 
1-99 
1-59 
3°58 
2-81 
3°81 
1-93 
2-60 
1-92 

Mean 2-93 

No. of specimens 15 

S.E. 0-316 


Effect of dialysis on zinc content 
of seminal plasma 


(Values corrected for change in volume during dialysis.) 


Table 3. 


Zn content (ug./ml.) 


After 
dialysis 


Be fore 
Specimen dialysis 
A 81-3 
B 137-0 
C 216-3 
D 101-7 


/o 
dialysable 


69-4 15 
98-6 28 
54-0 75 
38-0 63 


testis. Four specimens of human sperm had a mean 
carbonic anhydrase content of 0-24 unit/mg. (range, 
0-19-0-31; s.z., 0-031); the average figure for 
human erythrocytes is 5-1 units/mg. Meldrum & 
Roughton (1933), using a unit which is about ten 
times as great as the one used in our work, obtained 
a value for carbonic anhydrase in rabbit sperm 
which is even lower than the one we obtained in 
human sperm. 


DISCUSSION 


The values obtained by Bertrand & Vladesco (1921) 
for zinc in three specimens of human semen were 53, 
152 and 220 pg./ml. or 572, 1152 and 2020 yg. zine/g. 
dry matter. These figures, together with analyses of 
semen and male genital organs of several different 
species, led them to suggest that ‘zinc plays a part 
in reproduction and also in the regulation of internal 
secretions’. Our results have confirmed and ex- 
tended the observations of Bertrand & Vladesco. 
Mann (1945), using ram semen, found a zinc content 
of 9-80 pg./ml., of which 7-80 ng. was in the sperm. 
Ram semen contains about 50 % (v/v), sperm, so if we 
assume a dry weight of 20 % (w Iw), ), forthe sperm and 


a 
Centrifuged 
pooled sperm 
2-34 ). 
1-56 ; 2-60 
3-91 


2 3 
0-70 0-19 
0-60 0-25 
0-71 0-18 
2-27 2-22 ) 
2-74 1-45 1-66 
2-86 2-11 32) 
0-32 0-43 ) 
0-49 0-25 et 


0-49 0-33 

1-63 —_— 

1-81 1-44 

2-97 2-14 

1-16 0-41 004 

1-39 0-81 0-94; 0-88 

0-80 0-47 0-7 77) 

1-40 0-91 ; 99 
15 14 

0-241 0-212 


35: 


0. “483 


8% (w/v), for the plasma, the zine content of both 
sperm and plasma was within the range 50-80 yg./g. 
dry weight. These are less than one-tenth the values 
found for human semen, but ram semen resembles 
that of man in the approximate equality of the zinc 
concentration in sperm and in plasma when 
expressed on a dry-weight basis. 

In order to appreciate the very high concentration 
of zinc in human sperm it is necessary to compare it 
with values obtained for other tissues. Table 4 
contains our own figures for human sperm and 
prostate, and for a series of rat tissues, and also 
some results obtained by Eggleton (1940) from 
analyses of human tissues. It can be seen that 
human sperm contains more zine than any other 


Table 4. Zine content of human sperm compared 
with that of other human and rat tissues 


(Values for human tissues taken from Eggleton (1940) 
except for prostate and sperm (this work).) 


Mean Zn content 
(ug. ig. “y wt.) 


= —— 


Means Rat 


Brain 43* 70 
Lung 67 87 
Spleen 72 86 
Heart 100 83 
Pancreas 135 101 
Kidney 186 106 
Muscle 226 50 
Liver 245 107 
Testis 62 212 
Epididymis 216 
Prostate 891t 
Sperm 


Tissue 


859 
1998 


* Cerebrum. { Dorsolateral prostate. 
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human tissue so far examined. In the rat, the 
highest concentration of zinc occurs in the lateral 
portions of the dorsolateral prostate, namely 
2900 yg. zine/g. dry weight. Our experiments show 
that the first fraction of semen contains most of the 
sperm in the total ejaculate, even when the volume 
of semen is less than 1 ml. We have assumed that 
the first fraction was a mixture of epididymal and 
prostatic secretion and the second fraction was 
a mixture of prostatic and vesicular secretions. The 
third fraction may be assumed to originate mainly in 
the seminal vesicles. Human semen contains 
stringy mucous material which is difficult to separ- 
ate from centrifuged sperm. Much of this con- 
taminant may be avoided by using sperm from the 
first semen fraction only, and most of the remainder 
may be removed by centrifugation for 5 min. at 
1000 rev./min. if the fraction is first diluted with 
physiological saline containing 0-2% glucose and 
incubated at 37° for 30 min. The residual sperm is 
free from ‘stringy’ material and contains about the 
same amount of zinc as unwashed sperm. 

Although the sperm contain a high concentration 
of zine their relative volume is so small that it was 
not possible to show any significant difference 
between the zinc content of whole semen and that of 
the seminal plasma. Human prostate contains a very 
large amount of zine (Table 4), so it is not sur- 
prising that there is a high concentration of zine in 
the first fraction of the semen. It is noteworthy, 
however, that the amount in the secretion is even 
higher than that in the gland itself, and that part of 
the zinc is in a dialysable form. The function of the 
prostatic secretion, apart from the fact that it 
dilutes the semen, is obscure, but it now appears 
that it contributes a large amount of zinc to the 
medium in which the sperm, themselves rich in zine, 
will be suspended. It must also be remembered 
that, as Mann (1945) has pointed out, the seminal 
plasma is not merely an inert vehicle, since it has 
a metabolism of its own. 

Very little is known about the functions of zinc in 
living matter apart from its occurrence as the 
prosthetic metal in certain enzymes, particularly 
carbonic anhydrase. Recent work by Foster & 


Denison (1950), Nason, Kaplan & Colowick (1951), 
Nason, Oldewurtel & Propst (1952), Quinlan- 
Watson (1951, 1953) and Robinson (1951) has 
shown that zine deficiency during the growth of 
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Rhizopus nigricans, Neurospora crassa, Aspergillus 
niger, oats, clover and tomatoes may lead to gross 
disturbances in the enzyme patterns of these 
organisms. Failure to synthesize pyruvic de- 
carboxylase, alcohol dehydrogenase, aldolase, and 
the enzyme which forms tryptophan from serine 
and indole, and also abnormally high production of 
certain oxidases and of diphosphopyridinenucleo- 
tidase have been reported. The suggestion that zine 
is in some way essential for the synthesis of certain 
enzymes, of which it is not a prosthetic metal, may 
have a bearing on the presence of zinc in sperm, 
which possess a particularly active metabolism. It 
is also of interest in connexion with our observation 
(Mawson & Fischer, 1952c) that there is a high con- 
centration of zinc in the Paneth cells of the small 
intestine of the rat. These cells are generally 
regarded as the site of synthesis of the digestive 
enzymes of the small intestine. 

The amount of carbonic anhydrase in the sperm 
cannot account for more than a minute proportion 
of their zine content. About 30% of the zine in 
human erythrocytes occurs as part of the carbonic 
anhydrase molecule, and about 2-5 % of the zine in 
rat lateral prostate may be accounted for in this 
way, but in the case of human sperm only about 
0-05 % of the zine can occur in combination with 
carbonic anhydrase. 


SUMMARY 


1. Zine occurs in high concentration in human 
semen. 

2. The highest concentration of zinc is found in 
the first fraction of the ejaculate, which is mainly 
composed of prostatic secretion. 

3. Spermatozoa contain a higher concentration of 
zine than any other human tissue yet examined. 

4. The zinc contained in seminal plasma is partly 
in a dialysable form. 

5. Seminal plasma contains negligible amounts 
of carbonic anhydrase. A little carbonic anhydrase 
is found in spermatozoa, but only about 0-05 % of 
the zine present in the sperm can be accounted for 
in this way. 


Our thanks are due to our British colleagues, and particu- 
larly to Dr T. Mann, F.R.S., whose comments and inquiries 
encouraged us to undertake this work. 


C. A. MAWSON AND M. I. FISCHER 


1953 


REFERENCES 


Bertrand, G. & Vladesco, R. (1921). C.R. Acad. Sci., Paris, 
173, 176. 

Eggleton, W. G. E. (1940). Biochem. J. 34, 991. 

Foster, J. W. & Denison, F. W. (1950). Nature, Lond., 166, 
833. 

Gutman, A. B. & Gutman, E. B. (1941). Endocrinology, 28, 
115. 

Keilin, D. & Mann, T. (1940). Biochem. J. 34, 1163. 

Lundquist, F. (1949). Acta physiol. scand. 19, suppl. 66. 

Mann, T. (1945). Biochem. J. 39, 451. 

Mawson, C. A. & Fischer, M. I. (1951). Nature, Lond., 167, 
859. 

Mawson, C, A. & Fischer, M. I. (1952a). Canad. J. med. Sci. 
30, 336. 

Mawson, C. A. & Fischer, M. I. (19526). Arch. Biochem. 
Biophys. 36, 485. 


Mawson, C. A. & Fischer, M. I. (1952c). 2nd Int. Congr, 
Biochem. Abstr. p. 145. 

Meldrum, N. U. & Roughton, F. J. W. (1933). J. Physiol. 
30, 113. 

Nason, A., Kaplan, N. O. & Colowick, 8. P. (1951). J. biol. 
Chem. 188, 397. 

Nason, A., Oldewurtel, H. A. & Propst, L. M. (1952). Arch, 
Biochem. Biophys. 38, 1. 

Pryde, J. (1950). Biochem. J. 47, xv. 

Quinlan-Watson, T. A. F. (1951). Nature, Lond., 167, 1033, 

Quinlan-Watson, T. A. F. (1953). Biochem. J. 53, 457. 

Robinson, G. N. (1951). Nature, Lond., 168, 210. 

Roughton, F. J. W. & Booth, V. H. (1946). Biochem. J. 40, 
319. 

Vallee, B. L. & Gibson, J. G. (1948). J. biol. Chem. 176, 
435. 


The Amino Acids of Cytoplasmic and Chloroplastic Proteins of Barley 


By E. W. YEMM anp B. F. FOLKES 
Department of Botany, University of Bristol 


(Received 20 March 1953) 


During the germination and the early phases of 
development of barley plants there is a rapid syn- 
thesis of protoplasmic proteins, particularly in the 
young leaves and root system of the seedlings 
(Folkes, Willis & Yemm, 1952). These proteins 
form an integral part of the protoplasts of the cells, 
and ultimately most of the nitrogen assimilated by 
the plant is incorporated in cytoplasmic and 
chloroplastic structures. The data reported in this 
paper were collected in the course of an investiga- 
tion into the relation between the synthesis of the 
protoplasmic proteins and the metabolism of 
amino acids in the young seedling. 

Extensive data have been published on the proto- 
plasmic proteins of various plants and have been 
reviewed by Chibnall (1939) and Lugg (1949). 
Yemm (1950) gave an account of the separation and 
partial analysis of preparations containing a mixture 
of chloroplastic and cytoplasmic proteins from 
mature leaves of barley. This work has now been 
extended to a similar preparation from barley 
seedlings and to a preparation from mature leaves 
which consists mainly of cytoplasmic components. 
Moreover, in the present analyses a more compre- 
hensive investigation of the constituent amino 
acids in these preparations has been made; an- 
alytical data, obtained chiefly by microbiological 
assay, are recorded for eighteen amino acids. 

A short account of the work has already been 
given to the Biochemical Society (Yemm, 1951, 
Folkes & Yemm, 1951). 


METHODS 
Preparation of proteins 


Mixed protoplasmic proteins of seedlings. Seedlings of 
barley were grown by soaking in water overnight 500 g. of 
grain (N, 2-5% of dry weight) and sowing in moist sand in 
a cold frame at about 15°. After 14 days the seedlings were 
uprooted, washed free from sand, and squeezed fairly dry. 
All the seedlings (total fresh weight, 4-5 kg.) were used for 
the preparation of protein by a modification of the ‘used 
ether-water’ method of Chibnall, Miller, Hall & Westall 
(1933). Batches (500 g.) of seedlings were treated serially, 
cytolysed for 15 min. in 1 1. ether water and then pressed in 
a screw-plunger press, the expressed juices being returned 
to the ether water which was used for the next batch. The 
residue from the press was washed in 500 ml. tap water, 
pressed again, minced finely in a domestic mincer and 
extracted twice with 0-025mM-Na,B,0, at pH 9-2 (Lugg, 
1939), 500 ml. each time, the suspension being passed 
through a 1mm. mesh wire sieve. The suspension was 
centrifuged at 400g for 5 min. and then filtered through 
a pad of rammed paper pulp, 3 cm. thick. The combined 
filtrates were adjusted to pH 4-4 by the addition of about 
190 ml. 2N-HCl. The protein was coagulated by heating the 
solution on a water bath to 80° for 5 min. and allowed to 
settle overnight in a large vessel. Most of the clear super- 
natant was then decanted and the protein was separated by 
centrifuging at 1500g for 10min. The preparation was 
extracted three times at the centrifuge with 0-005 Nn-HCl, as 
recommended by Lugg (1938), and twice with 300ml. 
absolute ethanol, held at*60° on a water bath for 30 min. 
After two washes with dry ether the preparation was dried 
at 80° in a ventilated oven and ground to a powder (5-09 g,). 








ysiol. 
biol. 


{rch. 


ey 








Vol. 55 


Mized protoplasmic proteins of mature leaf. This prepara- 
tion has already been described by Yemm (1950) as specimen 
El. The protein was obtained from mature leaves of 
barley grown under field-crop conditions, by a method 
similar to but not identical with that described above. 

Chloroplastic proteins of mature leaf. The upper three or 
four leaves of barley plants not yet in ear were used for this 
preparation. The material (2-5 kg.) was cut into short 
lengths, washed with water, shaken free from adhering 
moisture and minced into 3 1. distilled water. The slurry was 
passed through a 2mm. mesh sieve and the fibrous solid 
washed twice with 11. distilled water. The extract and 
washings (5 1.) were centrifuged at 150 g for 2 min. and the 
residue washed twice at the centrifuge with 200 ml. water. 
This residue was found on microscopic examination to 
consist mainly of cell-wali debris with a few chloroplasts and 
was rejected. The centrifuged extract and washings were 
stored overnight at 4°. During this time a slight flocculation 
of the chloroplast granules occurred and was completed in 
the morning by the addition of 300 ml. 2mM-CaCl, as recom- 
mended by Neish (1939). The flocculated chloroplasts were 
collected at the centrifuge (750 g for 15 min.), washed twice 
and then sucked dry on a filter paper on a Biichner funnel 
and dried at 80°. Microscopic examination showed this 
chloroplastic fraction to be free of cell-wall material. Its 
weight was 27-4 g. 

Cytoplasmic proteins of mature leaf. The solution from the 
centrifuge in the above preparation was filtered by suction 
through a well-rammed pad of paper pulp, 2 cm. thick, to 
remove all traces of chloroplasts. The protein was pre- 
cipitated at pH 4-4, allowed to settle overnight, collected by 
decanting and centrifuging, washed with absolute ethanol 
and ether and dried. This cyteplasmic fraction weighed 
4-16 g. 

Gliadin and edestin. These were specimens of preparations 
already subjected to analysis by Dr A. C. Chibnall and his 
collaborators. 


Analysis of the protein preparations 


As suggested by Chibnall, Rees & Williams (1943), the 
preparations were allowed to come to moisture equilibra- 
tion with the air before being used for analysis. 

Total nitrogen. A semimicro modification of the Kjeldahl 
method of Chibnall et al. (1943) was used. The preparation 
(10-20 mg.) was heated for at least 8 hr. with 0-5 g. catalyst 
(K,S0,, 80 g.; CuSO,, 5H,O, 20 g.; SeO,, 0-3 g.), 2 ml. 
H,SO, and 1 ml. water. The solution was treated with 12 ml. 
7-5N-NaOH and steam-distilled in the conventional manner 
into 5 ml. 0-05N-H,SO,. The distillate was made to 100 ml. 
and 10 or 20 ml. samples were taken for the estimation of 
ammonia using Nessler reagent. Since this method is in- 
sensitive to low concentrations of ammonia (Wirth & 
Robinson, 1933), 5 ml. 0-00015m-(NH,).SO, was first added 
to each sample, followed by 3 ml. Nessler reagent (Vanselow, 
1940) and distilled water to make to 50 ml. After 15 min. 
colour intensity was measured in a Spekker absorptiometer 
using 2 cm. cells and a 430 mu. filter (Ilford no. 601) with 
distilled water as the reference standard. A complete reagent 
blank was included in each set of estimations, and results 
were calculated from a standardization curve which was 
determined daily using a standard (NH,),SO, solution. 

Amide nitrogen. The method of Yemm (1950) was used 
with the following modifications: 18—20 mg. of the prepara- 
tion was refluxed for 3 hr. with 5 ml. 2n-H,SO, and the 
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ammonia liberated was vacuum distilled into 1-5 ml. 
0-05N-H,SO,. The whole distillate was used for colorimetric 
estimation of ammonia as described above. 

Ash. (Determined by Mr W. W. Eno.) Portions (3- 
12 mg.) were incinerated at 900° to constant weight. 

Ether- and ethanol-soluble lipids. The preparation (0-5- 
1-3 g.), dried at 80°, was extracted in a Soxhlet apparatus to 
constant weight, first with ether and then with an ethanol: 
ether (3:1, v/v) mixture. The loss in weight was ascribed 
to lipid. The N content of the extract was estimated from 
total-N determinations on the extracted residues. 

Moisture. Samples (20-50 mg.) in glass microweighing 
bottles were dried to constant weight in an electric oven at 
105°. 

Estimation of amino acids 


Most of the analyses were made on acid hydrolysates of 
the proteins, but tryptophan was estimated in alkaline 
hydrolysates and both acid and alkaline hydrolysates were 
used for the estimation of tyrosine because of uncertainty as 
to its stability (see Block & Bolling, 1945, p. 81). 

Hydrolysis. The method of Henderson & Snell (1948), of 
autoclaving 100-500 mg. protein in a sealed tube with 
3N-HCl or 5n-NaOH, was adopted. The sealed tubes were 
immersed in a water bath for about 30 min. with periodic 
shaking and then autoclaved at 15 lb./sq.in. (120°) for 
6-7 hr. with acid or 15 hr. with alkali. -After cooling, each 
solution was adjusted at the glass electrode to pH 6-8 with 
either 5N-NaOH or 3n-HCl. Some of the acid hydrolysates 
were then filtered through an asbestos pad and the insoluble 
humin, after washing three times with a little warm distilled 
water, was taken for Kjeldahl estimation of the humin N. 
The filtrate and washings were made up to 25-100 ml.; the 
alkaline hydrolysates tended to form a gel at this con- 
centration and were diluted to 250 ml. 

Ammonia N. The ammonia released on acid hydrolysis 
was determined by distillation, as described above, of 
3-4 ml. portions of the hydrolysates. 

Microbiological assay. The assays were carried out by the 
method of Henderson & Snell (1948) with some modifica- 
tions. Flat-bottomed glass tubes, 10 cm. x 2-5 cm., were 
used with a total volume of 2 ml. of solution in each tube. 
The protein hydrolysates (suitably diluted) or amino acid 
standards were pipetted out in volumes from 0-2 to 1-0 ml. 
and water added when necessary to make 1 ml. The basal 
medium (1 ml.), deficient in the amino acid being assayed, 
was run into each tube. Five replicates of each level of 
standard (1-0, 0-8, 0-6, 0-4, 0-2 ml.) and of the blanks (1 ml. 
water + 1 ml. basal medium) were generally set up, together 
with three replicates at each of the five levels of protein 
hydrolysate. The tubes, in-groups of 12, were supported in 
copper racks, each fitted with a deep aluminium lid padded 
with cotton wool. In this way individual plugging and 
labelling were avoided. The replicates were distributed 
throughout the racks so as to minimize systematic errors 
due to differences in conditions during sterilization and 
incubation. 

The tubes were sterilized at 10-12 lb./sq.in. for 10 min., 
inoculated with a suspension of the assay organism, and 
incubated at 35° for 60-72 hr. in a humid atmosphere. The 
lactic acid present at the end of this time was estimated by 
electrometric titration against 0-04N-NaOH to pH7-3. 
A compact assembly of a 15 ml. automatic burette, glass 
electrode (Cambridge Instrument Co.) and a saturated KCl- 
agar bridge dipped into the culture solution which was 
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stirred during titration by means of a stream of CO,-free air. 
Distilled water (2 ml.) was added to each tube and the 
NaOH was then run in rapidly until pH 6-8 was reached, 
after which cautious additions brought the pH to 7:3. 

The mean titration for each level of the standard and for 
the blank were plotted against amino acid concentration to 
give a standard curve. From this curve the concentration of 
amino acid equivalent to the mean titration for each level of 
protein hydrolysate was read off and five values of the 
amino acid content of the protein could thus be calculated. 

The assay organisms were Lactobacillus arabinosus 17-5, 
Leuconostoc mesenteroides P-60 and Streptococcus faecalis R. 
They were obtained from the Biochemistry Department of 
the College of Agriculture, University of Wisconsin. 
Immediately on arrival, the cultures were used to inoculate 
100 ml. batches of the enriched basal medium of Henderson 
& Snell (1948) and the resulting cultures were centrifuged 
aseptically, resuspended in the sterile dextrin-ascorbic acid 
medium of Naylor & Smith (1946), and freeze-dried in small 
ampules. A small portion of the dried culture was used to 
inoculate 5 or 10 ml. volumes of enriched basal medium, the 
culture resulting from 8 to 24 hr. incubation being centri- 
fuged, washed, and suspended in sterile 0-9 % (w/v) aqueous 
NaCl for use as an inoculum. 

The amino acids used as standards were given by Glaxo 
Laboratories Ltd. They were dried in vacuo at 40° before use. 
Total nitrogen estimations by the Kjeldahl method gave 
values agreeing with the theoretical N content within the 
experimental error of the determinations. The natural (L) 
forms of amino acids were used with the exception of 
aspartic acid, proline, valine, isoleucine, phenylalanine, 
tryptophan, threonine and methionine, where only DL- 
forms were available. In most of these only the L-form was 
utilized by the organism so that double the concentration of 
DL standard was required. Both forms of aspartic acid were 
utilized. pt-Tryptophan was used as standard to allow for 
the complete racemization of this amino acid during protein 
hydrolysis with NaOH; tyrosine is similarly racemized 
under these conditions and corrections were made accord- 
ingly in the calculations. 

The basal medium of Henderson & Snell (1948) was used 
except for the assay of glutamic acid, when aspartic acid was 
replaced by half the quantity of asparagine, as recom- 
mended by Brickson, Henderson, Solhjell & Elvehjem 
(1948). This avoided lag or induction effects at low concen- 
trations of glutamic acid. Similar effects in the assay of 
proline, valine and leucine were avoided by the use of larger 
inocula and by adjusting the medium to pH 6-0. This effect 
emphasized the importance of pH and led to the practice of 
carefully adjusting the basal medium, standard, and protein 
hydrolysates to the same pH value before setting up an 
assay. Commercial supplies of amino acids were found to be 
sufficiently pure for use in the basal medium except in the 
assay of glycine. Henderson & Snell (1948) state that re- 
crystallization of alanine was necessary, but this did not 
sufficiently reduce the blank to make an assay possible. 
Heathcote (1948) recommended recrystallization of the 
threonine used, and this was found effective, although the 
blank in this assay was still higher than in any other. 

Henderson & Snell (1948) did not attempt the assay of 
cystine by their procedure. Shankman (1943) showed that 
Lb. arabinosus was sensitive to cystine nutrition, but 
attempts in this laboratory to use this organism were un- 
successful. Heathcote (1948) reported that he used In. 
mesenteroides successfully for cystine assay, although some 
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variability in the standard curves was experienced. We have 
found that this can be largely avoided if the assay is carried 
out at pH 6-0, and the results given here are by this method. 
Strep. faecalis has proved far less dependable in our hands 
than the other two organisms, and in some cases no growth 
has been obtained in the assay tubes. Attempts have there- 
fore been made to assay arginine, threonine and methionine, 
usually determined with this organism, by means of In. 
mesenteroides. These were successful with methionine and 
partially so with arginine, although in this assay it was noted 
that the values obtained were about 10% higher than those 
given by Strep. faecalis, and that a systematic increase or 
decrease with increasing protein concentration sometimes 
occurred. Threonine gave erratic assays and was eventually 
determined chemically. The assay organisms were therefore 
used for the estimation of amino acids as follows: Lb. 
arabinosus for glutamic acid, leucine, valine, phenylalanine 
and tryptophan; Ln. mesenteroides for aspartic acid, proline, 
glycine, isoleucine, tyrosine, serine, cystine, methionine, 
lysine and histidine; Strep. faecalis for arginine. 

Estimations with glutamic acid decarboxylase. In order to 
test the estimates of glutamic acid made by microbiological 
assay, determinations were also made by the specific de- 
carboxylase method of Gale (1945). The decarboxylase used 
was a suspension of washed cells of Clostridium welchii8.R.12 
prepared and tested in this laboratory by Willis (1950) who 
showed it to be specific for glutamic acid; it yielded no CO, 
with seventeen other amino acids tested. This preparation 
(0-5 ml.; 12-5 mg. dry weight of bacteria) was used for each 
determination, in the side bulb of the Warburg flask. 
Protein hydrolysate (0-6-2-0 ml.; depending on glutamic 
acid content), together with 1 ml. 0-6m sodium acetate 
buffer (pH 4-9) and distilled water to make to 3 ml., were 
pipetted into the flask. CO, evolution after tipping in the 
decarboxylase preparation was measured in Warburg 
manometers at 35°, corrections being made for CO, evolved 
from a control flask containing no hydrolysate. 

In order to obtain rapid and complete evolution of CO, 
from some of the protein hydrolysates it was necessary to 
add Cetavlon (cetyltrimethylammonium bromide, Imperial 
Chemical (Pharmaceuticals) Ltd., Manchester) in the 
0-6m-acetate at 0-15% (w/v) as recommended by Hughes 
(1949). Tests with pure glutamic acid showed that only 96% 
of the theoretical yield of CO, was obtained. This was 
assumed to be owing to traces of p-glutamic acid formed 
during preparation of the amino acid. As a similar degree 
of racemization may be expected in the protein hydrolysates 
(Chibnall, Rees, Williams & Boyland, 1940), a correction 
based on 96% yield was applied. 

Estimation of alanine and threonine. Alanine and threo- 
nine were determined by colorimetric estimation of the 
acetaldehyde produced on oxidation of the hydrolysates 
with ninhydrin and periodic acid respectively (Folkes, 
1953). 

RESULTS 
General analyses 


General analyses have been performed on the cytoplasmic 
and chloroplastic preparations from mature leaves and on 
the preparations of mixed protoplasmic proteins both from 
mature leaves and from seedlings. The results are given in 
Table 1. The values for total nitrogen are the mean of two 
or more estimates which differed by less than 1%, and are 
corrected for moisture which was determined on duplicate 
samples. Ash contents are, in general, based on a single 








nic 


om 
in 
wo 
are 
ate 


gle 





Vol. 55 


PROTEINS OF BARLEY 703 


Table 1. Analysis of protein preparations 


Protoplasmic proteins 
Mu 





Mature leaf 


A 





Seedling — San 
Mixed Cytoplasmic Chloroplastic 


Gliadin Edestin mixed 
(% Moisture-free preparation) 
Total N 17-6 18-8 14-0 14-0 14-6 9-0 
Total N (Chibnall, 1942) 17-66 18-65 — ~: — — 
Ash — = 1-2 1-2 1-5 5-6 
Ether- and ethanol-soluble lipids a — - — 0- 21-4 
Protein (insol. N x 5-9) — - — - 86-1 51-5 
Other organic matter — — — - 12-0 20-5 
(by difference from 100%) 
(% Ash- and moisture-free preparation) 
Total N — vo 14-2 14-2 14-8 9-6 


determination but duplicates agreed closely. Estimates of 
lipid material were made only for the cytoplasmic and 
chloroplastic preparations from mature leaves; in these 
cases it is possible to calculate the probable content of other 
non-protein material by assuming all the insoluble nitrogen 
to be present as protein. The use of the factor ( x 5-9) for this 
calculation is discussed later. 


Amino acid content 


Estimations of constituent amino acids have been obtained 
on all the preparations with the exception of the chloro- 
plastic preparation which, as shown in Table 1, is too con- 
taminated with non-protein material for accurate analysis. 
The results for the other preparations are given in Table 2. 

It is possible to assess the accuracy of the amino acid 
estimates in a number of ways from the data obtained in the 
analyses. In the microbiological assay the reliability is 
indicated by the degree of agreement between the estimates 
based on the five levels of protein hydrolysate, each the 
mean of three tests. In a satisfactory assay these estimates 
agree closely and do not change systematically with in- 
creasing protein level. All the assay results quoted in Table 2 
with the exception of those of arginine content, are derived 
from assays in which the maximum deviation from the mean 
of the five estimates is less than 10% of the mean value, and 
in many of the assays the maximum deviation is between 3 
and 4%. The precision of the mean value cannot be calcu- 
lated with certainty however from these deviations owing 
to non-normal distribution of errors which sometimes 
occurs. It has been found that slight differences in pH of the 
standard solution and of the hydrolysate may give rise to 
errors of this type. Under such conditions induction effects 
may cause a bad fit between the unknown and the standard 
curve. In severe cases these effects are obvious from the 
systematic change in titre with increasing level of hydro- 
lysate, and the results can be discarded, but in some cases 
they are small and not immediately apparent. Another 
source of error may be inhibitory or antagonistic effects 
shown by high concentrations of the hydrolysate. For 
instance, in the assay of lysine in gliadin it was found that 
the estimates of lysine N as % total N of the hydrolysate, 
based on 0-2, 0-4, 0-6, 0-8 and 1-0 ml. levels of hydrolysate, 
were 0-66, 0-62, 0-58, 0-49 and 0-45 respectively. This hydro- 
lysate was used undiluted because of the low level of lysine 
present, and the high concentrations of other substances 
had obviously interfered with the assay. The best estimate of 
lysine content here was obtained by extrapolating a graph 
through the points to zero level of hydrolysate, giving a value 


of 0-68-0-74%. With the limitations outlined above, the 
assays are satisfactory and the standard error of all deter- 
minations (except arginine) is less than +4%. 

A better estimate of the accuracy of the assays can be 
obtained by comparison of the results of duplicate analyses. 
Relatively few assays were repeated unless the first one was 
unsatisfactory, but in all cases where both assays were 
satisfactory (indicated by an asterisk in Table 2) the 
difference between the two results was less than 3% of the 
mean value. In a few instances the reliahility of estimates of 
amino acid content may be judged by comparing the results 
of different methods of analysis. The determinations of 
glutamic acid by assay and decarboxylase methods are 
valuable in this respect and the results obtained on several 
proteins are included in Table 2. It will be seen that agree- 
ment is satisfactory ; the largest difference is 5 % of the mean 
and for gliadin and for edestin the differences do not 
exceed 1%. 

The chemical analyses of gliadin and edestin by Chibnall 
and his colleagues (collected by Tristram, 1949) offer a 
further test of the validity of the assays and the results are 
shown in Table 2. In these proteins only the dicarboxylic 
and basic amino acids were estimated by microbiological 
assay. The results for glutamic acid are in close agreement, 
but for the other amino acids the assay gives generally 
somewhat higher values than are obtained by direct 
chemical isolation. The largest differences are in the 
estimates of aspartic acid and here the results of other 
workers using microbiological assay (Tristram, 1949) in- 
dicate that thisamino acid in particular was underestimated 
by isolation methods. The assay of arginine in gliadin and 
edestin was made with Ln. mesenteroides and as this 
organism has been found to give values approximately 10% 
higher than are given by Strep. faecalis it is probable that in 
this case the discrepancy may be due to assay errors. The 
arginine contents of the protoplasmic proteins were deter- 
mined with Strep. faecalis and are considered more reliable 
although not entirely satisfactory. 

Replicate analyses of threonine on different occasions and 
at different levels of hydrolysate showed quite close agree- 
ment, the largest variation being 5% of the mean with the 
tissue proteins and 13 % with gliadin and edestin. The mean 
values obtained for these latter proteins agree well with 
those found by Rees (1946) using a macromethod (see 
Table 2). The replicate analyses for alanine showed small 
variability, but their reliability may be less because of the 
necessity for a correction, amounting to 15% of the total, 
for the interference of other amino acids. 
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The estimates of analytical errors given above take no 
account of losses of amino acids during hydrolysis of the 
protein preparations. In the case of the tissue proteins 
which are relatively impure and contaminated with material 
of a carbohydrate nature these losses may be severe in some 
cases (see Lugg: appendix to Chibnall, 1939). No direct test 
of the degree of destruction with varying hydrolysis pro- 
cedures has been made in the present study except in the 
case of tyrosine. Here both acid and alkaline hydrolysates 
were assayed and the results are given in Table 2. The two 
series of results agree quite closely but the acid hydrolysates 
gave generally somewhat lower values; this probably indi- 
cates slight destruction during acid hydrolysis, but does not 
eliminate the possibility of partial destruction under both 
acid and alkaline conditions. That destruction of some 
amino acids occurs under acid hydrolysis of the proto- 
plasmic proteins is shown by the relatively large amounts of 
insoluble humin formed during the process. While this 
humin is largely derived from carbohydrates or other con- 
taminants, the nitrogen associated with it originates from 
amino acids (Chibnall, 1939). Tryptophan is of course totally 
destroyed on acid hydrolysis and partial destruction of 
cystine and cysteine, and to a lesser extent methionine, also 
occurs, especially when hydrolysis is carried out in the 
presence of carbohydrate contaminants (Bailey, 1937; 
Lugg: appendix to Chibnall, 1939). All four of these amino 
acids may therefore contribute to the humin N. A further 
index of amino acid destruction is the production of 
ammonia during vigorous acid hydrolysis in excess of that 
liberated from the amide groups by mild hydrolysis. This 
excess ammonia is probably formed by partial destruction 
of the hydroxyamino acids, serine and threonine (Rees, 
1946). The degree of destruction indicated by these figures is, 
however, small in relation to the total amino acid content, 
and it is encouraging in this connexion to note that the 
compounds determined in the acid hydrolysates of the 
protoplasmic proteins account for between 98 and 100% of 
the total nitrogen. This is within the experimental error of 
the determinations and suggests that extensive destruction 
of amino acids has not occurred under the conditions of 
hydrolysis used here. 

The comparatively complete recoveries of total nitrogen 
of the protoplasmic preparations make it possible to calcu- 
late the nitrogen content of the protein assumed free from 
carbohydrate or other matter. The amino acid and amide 
residues account for 96-98% of the total nitrogen and 
80-84°% of the moisture- and ash-free matter in the three 
preparations. The ‘ pure’ proteins can be calculated to have 
a nitrogen content of 16-9-17-0 % of their dry weights. This 
value agrees fairly well with that of 16-7-16-8 % calculated 
by Lugg (appendix to Chibnall, 1939) for cocksfoot-grass 
protein and based on humin formation. The amount of 
contaminant in impure preparations can thus be calculated 
by assuming that protein equals N x 5-9 (equivalent to N 
content 16-95%). This has been done in Table 1. 


DISCUSSION 


In addition to the proteins associated with the eyto- 
plasm and the chloroplasts of green leaves, much 
smaller amounts of protein are found in the nuclei 
and possibly in the vacuole. Only the first two com- 
ponents are likely to be represented in preparations 
by the ‘used ether-water’ method (Chibnall, 1939). 
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In this method the chlorophyll-protein complex of 
the chloroplasts is disrupted and the chloroplastic 
proteins go into solution with the cytoplasmic 
proteins, a process which is even more efficient in 
the presence of alkaline buffers (Lugg, 1939). In the 
absence of ether-water the chloroplasts are not 
dispersed to any considerable extent and it is 
possible to separate them from the cytoplasm by 
centrifuging or precipitation. The analyses given in 
Table 1 show that this separation was largely 
achieved in the present investigation, and that big 
differences in the content of lipids and other organic 
matter (carbohydrates?) exist between the chloro- 
plastic and cytoplasmic preparations. It is unlikely 
that the preparations are entirely free of the other 
component; the lipid/protein ratio of the chloro- 
plastic preparation is lower than that found by 
Chibnall (1939) for spinach chloroplasts and the 
cytoplasmic preparation does contain a little lipid 
material. Nevertheless, it is clear that the two 
preparations are derived in the main from different 
cellular structures, and it is unfortunate that the 
degree of contamination of the chloroplastic fraction 
by non-protein matter was so high as to make 
reliable analyses, and hence a direct comparison of 
amino acid content of the two preparations, im- 
possible. However, any major differences in the 
two components should be reflected by marked 
differences between the cytoplasmic preparation 
and mixed preparations by the used ether-water 
method. 

Consideration of the results presented in Table 2 
shows that differences between the protoplasmic 
preparations from barley are very small and almost 
all within the precision of the analyses, especially 
when allowance is made for the possibility of 
variable losses during the hydrolysis of the three 
preparations. Only the lysine estimates show 
marked differences which are statistically signifi- 
cant, being based on duplicate microbiological 
assays. Moreover, lysine is particularly resistant to 
destruction during protein hydrolysis (Chibnall, 
1939) so that it is probable that this represents a real 
difference in composition of the proteins, although 
the reproducibility with different preparations and 
hydrolysates has not been investigated. It is of 
interest that lysine was the only amino acid found 
by Chibnall (1939; see also Lugg, 1949) to differ 
significantly in content between cytoplasmic and 
mixed protein preparations from spinach leaves. 

The analyses of leaf proteins by other workers 
have been collected by Lugg (1949), and the range of 
values for each amino acid in various members of 
the Gramineae (including Hordeum murinum) are 
included in Table 2. These analyses, by chemical 
procedures, suffer from the defects already briefly 
discussed, particularly with regard to the aspartic 
acid values. The widest differences are found in the 
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monocarboxylic acids such as glycine and alanine 
where the chemical methods depending on esterifica- 
tion and distillation are generally conceded to be 
inaccurate. Lugg’s values for cystine and cysteine 
are higher than those found in the present investiga- 
tion and are likely to be more reliable as no special 
precautions were taken to avoid or correct for losses 
during hydrolysis in the present analysis. 

It is of interest that these analyses of protoplasmic 
proteins of barley agree closely with those of the 
bulk protein of Chlorella recently reported by 
Fowden (1952) who used mainly chromatographic 
techniques (see Table 2). From a phylogenetic 
standpoint the correspondence is remarkable and it 
seems that there are few significant differences in 
amino acid content between the protoplasmic 
proteins of the Chlorophyceae and the Angiospermae 
(ef. Lugg, 1949). Amide, proline and lysine show 
the largest differences, while threonine and cystine 
may also present important variations. 

It is difficult at present to assess the significance of 
these results in terms of the identity and nature of 
the protoplasmic proteins. There is little doubt that 
preparations such as those described here consist of 
mixtures of enzymic and structural proteins of the 
protoplasm, but little progress has yet been made in 
their separation and characterization by physical 
methods. Wildman & Bonner (1947) found that 
75 % of the cytoplasmic protein from spinach leaves 
gave a single electrophoretic peak, although 
Bonner (1950) reports that similar preparations 
from oat and pea seedlings were much more 
heterogeneous. On the other hand, a remarkable 
similarity of amino acid content seems to extend 
not only to proteins from different cellular structures 
but also to mixed preparations from widely different 
species. In barley there is little evidence of exten- 
sive changes in composition in preparations from 
young seedlings and from mature leaves or in cyto- 
plasmic as distinct from chloroplastic proteins. As 
discussed by Lugg (1949), the bulk proteins of the 
cell, in contrast to other classes of plant proteins, 
form a group having relatively constant chemical 
composition as judged by amino acid content, but 
varying in physical and biological properties. 
However, the possibility must not be overlooked 
that the electrophoretically homogeneous protein 
fraction studied by Wildman & Bonner is a major 
component of both cytoplasmic and chloroplastic 
structures and overshadows the more variable 
composition of other constituent proteins. 


E. W. YEMM AND B. F. FOLKES 








1953 


A field in which these results are of more im- 
mediate value is that of plant metabolism. It isnow 
possible to estimate more completely the amino 
acid requirements of growing plant tissues actively 
engaged in the synthesis of protoplasmic proteins, 
Moreover, the relative amounts of the various 
amino acids required for this synthesis would appear 
to be fairly constant, irrespective of the age of the 
plant or the proportion of cytoplasm to chloroplasts 
being laid down. Use of this fact and of the data 
presented here has been made in an investigation of 
the amino acid metabolism of germinating barley 
(Folkes, 1951), and a fuller account of these studies 
will be reported elsewhere. 


SUMMARY 


1. Methods are described for the preparation and 
analysis of representative samples of cytoplasmic 
and chloroplastic proteins of mature leaves and 
seedlings of barley. The amino acid analyses were 
mostly done by microbiological assay. 

2. The reliability of the analytical methods 
employed is gauged by a consideration of the repro- 
ducibility of the results and by a comparison of the 
results of test analyses of gliadin and edestin with 
those reported by other workers. It is probable that 
in most cases the error of the analyses was less 
than +4%. 

3. Estimates are given for the amounts of 
eighteen amino acids, together with amide N, ash, 
lipid and moisture, present in a preparation of 
cytoplasmic proteins separated from mature 
leaves, and in mixed preparations of cytoplasmic 
and chloroplastic proteins separated from either 
mature leaves or seedlings. 

4. A comparison of these three preparations 
indicates a high degree of uniformity in their con- 
stituent amino acids: only in their lysine content do 
they show appreciable differences. The significance 
of these findings is discussed in relation to the 
results of others. 


The authors wish to express their thanks to Dr A. C. 
Chibnall for specimens of gliadin and edestin; to Dr L. M. 
Henderson for cultures of assay organisms and for advice; 
to Mr R. Codner and Messrs Distillers Company Ltd. for 
assistance with the freeze-drying of the bacteria; to their 
colleague Dr A. J. Willis for assistance with some of the 
analyses and in the preparation of the manuscript; and to 
Prof. M. Skene for helpful criticism. 
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Further Observations on Phrenosinic Acid 


By A. C. CHIBNALL, S. H. PIPER anp E. F. WILLIAMS 
Department of Biochemistry, University of Cambridge and the Wills Physics Laboratory, 
University of Bristol 


(Received 28 May 1953) 


In an earlier paper dealing with the fatty acids of 
phrenosin and kerasin we advanced the view that 
phrenosinic (cerebronic) acid was a mixture of 85% 
a-hydroxy-n-tetracosanoic acid and 15% a- 
hydroxy-n-hexacosanoic acid with perhaps a small 
amount of «-hydroxy-n-docosanoic acid, thereby 
disposing, as we thought, of the rival claims of 
Levene, that it was «-hydroxyisopentacosanoic 
acid and of Klenk, that it was «-hydroxy-n-tetra- 
cosanoic acid (Chibnall, Piper & Williams, 1936). 
This conclusion was based on evidence derived from 
three sets of observations. (1) Comparison of the 
melting point and X-ray crystallographic data with 
those of a series of synthetic (+ )-«-hydroxy-n-fatty 
acids from C,, to C,, (higher members were not 
available at the time) and of various mixtures 
thereof. (2) Comparison of the melting point of the 
acetyl derivative with those of the synthetic series 
mentioned above. (3) Comparison of the melting 
point and X-ray data for the n-fatty acid given on 
oxidation with those of synthetic n-fatty acids 
from C,, to C,, and of mixtures thereof. 

We were aware, however, that our finding left 


unexplained three observations to which attention 
was drawn at the time, but which were not em- 
phasized because they had no immediate bearing on 
the point then at issue. First, phrenosinic acid, as 
normally prepared, always separates in the ‘cauli- 
flower-like’ masses first described by Thudichum 
(1881), and shown later by Rosenheim (1916) to be 
conglomerates of irregular spherocrystals. Such 
a product gave an X-ray photograph that was 
difficult to interpret. We were at a loss to explain 
this phenomenon, for according to our experience, 
a similar mixture of synthetic «-hydroxy-n-fatty 
acids would crystallize in rhombic plates with 
rather broken edges. Secondly, the molecular 
weight, as determined by titration, was too high for 
the postulated mixture, as also were the analytical 
figures for carbon and hydrogen, suggesting the 
presence of some, probably non-homologous, im- 
purity which was destroyed on oxidation. Thirdly, 
the melting point of the acetyl derivative, 66-5°, 
seemed low, even for a mixture, because the extra- 
polated value for (+)-«-acetoxy-n-tetracosanoic 
acid was about 83°. 
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Investigations to throw further light on these 
apparent anomalies have been in progress since 
1936, and we have benefited from our experience in 
the parallel investigation on the constitution of the 
«-hydroxy-n-fatty acids in yeast cerebrin (Chibnall, 
Piper & Williams, 1953). For various reasons the 
work on both products had to be suspended in 1939, 
although considerable progress had already been 
made. In the case of phrenosinic acid especially we 
felt the need to confirm our conclusions by reference 
to synthetic (+ )-«-hydroxy-n-docosanoic and (+ )- 
a-hydroxy-n-tetracosanoic acids, and it is only 
recently that samples of these have been placed at 
our disposal. 

In the meantime, Klenk & Clarenz (1939) had 
synthesized (+)-«-hydroxy-n-tetracosanoie acid 
and had found that the acetyl derivative melted at 
65-2—65-7°, the same temperature as that of their 
phrenosinic acid. On oxidation, moreover, this 
synthetic hydroxy acid gave an n-fatty acid whose 
melting point, molecular weight and X-ray an- 
alytical data appeared to be identical with that 
given by phrenosinic acid under similar treatment. 
The new evidence led them to challenge our con- 
clusions as to the composite nature of phrenosinic 
acid, and to reiterate the former claim of Klenk & 
Diebold (1933) that it was a-hydroxy-n-tetra- 
cosanoic acid, with a negligible amount, if any, of 
a higher or lower homologue. , 
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In the present paper we describe the preparation 
of phrenosinic acid in true crystalline form. A study 
of its properties and derivatives, interpreted in the 
light of similar observations on an appropriate 
series of synthetic (+ )-«-hydroxy-n-fatty acids, 
leads us to re-affirm our view as to its composite 
nature. 


EXPERIMENTAL 


The melting points of the n-fatty acids and «-hydroxy-n- 
fatty acids recorded in this paper were obtained by the 
method of Piper et al. (1931). In the case of the acetoxy acids 
the crystals were packed in the melting-point tubes in the 
usual way and the bath temperature was raised at a rate of 
about 0-5°/min. All melting points are corrected. Carbon 
and hydrogen analyses were by Schoeller (Berlin-Schmar- 
gendorf) or by Weiler and Strauss (Oxford). 

(+)-a«-Acetoxy-n-fatty acids. A sample of synthetic (+)-a- 
hydroxy-n-docosanoic acid was kindly made available by 
Prof. E. Stenhagen, and of (+)-«-hydroxy-n-tetracosanoic 
acid (Ashton, Robinson & Smith, 1936) by Dr J. C. Smith. 
Both acids crystallized in clusters of long needle-like plates 
showing sharp cleavage edges. The hydroxy acid (0-2 g.) 
was treated with acetyl chloride (2 ml.) at the boil for 3 hr., 
the acetylated product recovered in the usual way and 
crystallized twice from light petroleum (b.p. 40-60°) 
(+)-a-Acetoxy-n-docosanoic acid, m.p. 79-1—79-4°. (Found: 
C, 72-6; H, 11-5. C.,HyO, requires C, 72-5; H, 11-4%.) 
(+)-«-Acetoxy-n-tetracosanoic acid, m.p. 81-9-82-3°. 
(Found: C, 72-9; H, 11-8. C.,H;,0, requires C, 73-2; H, 
11-8%.) 


Table 1. Melting points and long crystal spacings of a series of ( + )-x-hydroxy-n-fatty acids 


Difference 
between 


Crystal spacings in A 
; melting 


Melting 





- 
Pressed 


Series 
no. 
B409 


B408 


Acid 


Melting point 
(no. of carbon atoms) 2 


(*) 
78-0 
81-5 
84-5-84-7 B396 
86-9-87-2 B389 


B395 
B394 


89-3-89-6 
91-5-91-7 


B505 
B462 


B504 
B500 
B399 
B400 


97-8-98-0 
100-3-100-5 
109-110 
101-8-102-1 
104-0-104-5 
78-3-78-8 
79-8-80-0 
74-6 


24 

34T 

Phrenosinic acid 

Yeast hydroxy acidt 

70% C,,+30% Cy, 

70% Cig +30% Cig 

40% Cy t+ 40% Cy 
+20% Cis 


* Only first order observed. 


melted 
(M) layer 


+ Francis, King & Willis (1937). 


point of 
acid and 
its acetyl 
derivative 


point of 
acetyl 
derivative 
(*) 


(P) or 


A 
34-55 
38-7* 
39-5 
39-1 


P 
P 56-0-56-5 


49-5-50-0 


63-2-63-5 


59-3-59-5 


70-1-70-3 


79-1-79-4 
81-9-82-3 


66-0-66-5 
85-2-85-5 


Pr 


P 
M 
P 
P 


42-3 
44-6 


P 
Pp 
P 
P 
Pp 
Pp 
P 


54-5 
39-0 


{ Chibnall et al. (1953). 
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Preparation of crystalline phrenosinic acid. It has been 
customary in the past to hydrolyse phrenosin with 10% 
methanolic H,SO, in order to conserve the sphingosine and 
sugar component, both of which would suffer decomposition 
if alkaline saponification were employed. Recent work 
with the yeast hydroxy acid, however, convinced us 
that this treatment was insufficient to free the phrenosinic 
acid from all extraneous products, and we have accord- 
ingly followed the initial separation with an alkaline 
saponification. 

The starting material was a sample of phrenosinic acid 
which had undergone some degree of purification and had 
separated from acetone at 25° in the usual ‘cauliflower-like’ 
masses. (Found: C, 75-5; H, 12-5; mol. wt. by titration 396. 
CoyH 03 requires C, 74-9; H, 12-6%; mol. wt. 384-5.) The 
X-ray analyses (series B, no. 405) gave five orders measuring 
544, but the lines were diffuse. The acid (0-3124 g.) was 
saponified for 4hr. in 24ml. benzene: ethanol (1:1, v/v) con- 
taining 1-2 g. KOH. The volume was then reduced to 10 ml. 
and on cooling slowly to room temperature the sodium soap 
crystallized in plates. The free acid was prepared by parti- 
tioning between aqueous HCl and ether, washing the 
ethereal solution and transferring to warm acetone. On 
cooling to 0° the product separated as a granular powder 
(0-2786 g.). It was then crystallized from ethanol at 60° in 
a Dewar flask by the procedure employed for the yeast 
hydroxy acid (Chibnall e¢ al. 1953), when it separated in 
masses of very small transparent flakes showing sharp 
cleavage edges, m.p. 101-8-102-1°. (Found: C, 74-6; H, 
125%; mol. wt. by titration 388-6. C,,H,,0, requires C, 
74:9; H, 12-6%; mol. wt. 384-5.) The X-ray photograph 
(series B, no. 504) showed the broad lines characteristic of 
a mixture, but the intensity distribution in the seven orders 
registered was the same as in the synthetic «-hydroxy-n- 
tetracosanoic acid. The measuring spacing, 54-24, which 
may be in error by +0-54 as the lines are too broad for 
accurate computation, is lower than that of the synthetic 
acid (55-54), suggesting the presence of a small amount of 
a-hydroxy-n-docosanoic acid. The observed molecular 
weight now agrees fairly closely with that deduced from our 
previous work on the constitution of the n-fatty acids given 
on oxidation (Chibnall et al. 1936), which was a mixture of 
85% a-hydroxy-n-tetracosanoic acid and 15 % of «-hydroxy- 
n-hexacosanoic acid with perhaps a small amount of «- 
hydroxy-n-docosanoic acid. The acetyl derivative, re- 
crystallized from light petroleum (b.p. 40-60°) melted, as 
before, at 66-0-66-5°, emphasizing the probable presence of 
three components (Table 1). 


DISCUSSION 


The observations recorded above show that 
phrenosiniec acid, as normally prepared, contains 
a small amount of non-homologous 
material which can be removed after alkaline saponi- 
fication, and that it is probably this impurity which 
favours the separation of the acid under the usual 
conditions of crystallization in the initial form of 
a liquid that solidifies on further cooling to give the 
‘cauliflower-like’ masses of Thudichum, whose 
crystals are very minute and imperfect giving very 
few diffuse reflexions (cf. the corresponding yeast 
hydroxy acid, Chibnall et al. 1953). 


possibly 
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The data collected in Table 1 show that the melt- 
ing points of the synthetic (+ )-«-hydroxy-n-fatty 
acids between C,, and C,, fall on a smooth curve. In 
all cases the X-ray photographs give very good 
reflexions. The orders are recorded up to the extreme 
angle of rock, and the intensity distribution differs 
characteristically from that of a n-acid. As usual, 
the binary mixtures give poorer reflexions and more 
diffuse lines, and it is only when one of the members 
constitutes about 80% or more that sufficient 
orders of reflexion are registered to establish the 
intensity distribution characteristic of the series. 
Phrenosinic acid is clearly a mixture of this latter 
type. Weitkamp (1945) showed that the optical 
isomer of a-hydroxy-n-tetradecanoiec acid melted 
at 88-5° and that of «-hydroxy-n-hexadecanoic 
acid at 93-6°, i.e. 6-8° and 6-4° higher than the 
corresponding inactive acids respectively. Phreno- 
sinic acid, therefore, which is optically active, 
may well be a mixture, even though it melts about 
0-6° higher than (+ )-«-hydroxy-n-tetracosanoic 
acid. 

There is a pronounced odd-even alternation in the 
melting-points curve for the (+ )-«-acetoxy-n-fatty 
acids, but the even members lie on a smooth curve. 
Our preparation of (+ )-«x-acetoxy-n-tetracosanoic 
acid melted at 81-5-82-0°, as one would have 
expected, and we are thus unable to confirm the 
much lower value, 65-2—65-7° which Klenk & 
Clarenz (1939) record, and incidentally use as 
a weighty argument in the present dispute. 

The new evidence for the composition of phreno- 
sinic acid is fully in keeping with that deduced by 
us from our former study of the n-fatty acids given 
on oxidation (Chibnall e¢ al. 1936). The objection 
voiced by Klenk & Clarenz (1939) to our use of 
chromic acid as an oxidant, in that it might have 
given rise to lower homologues by multiple oxida- 
tion, is rejected. In our procedure (cf. Chibnall et al. 
1953) the oxidant is never present in any appreciable 
excess and had oxidation beyond the «-carbon atom 
occurred we should have found evidence for the 
production of even-number n-fatty acids, the 
presence of which we were able definitely to exclude 
from a consideration of melting-point and X-ray 
data. We have, moreover, in our previous researches 
on waxes, always used this same procedure to 
oxidize the long-chain primary alcohols to the 
corresponding n-fatty acids, and these latter could 
never have been obtained pure by the simple after- 
treatment we employed if multiple oxidation had 
occurred. 

Klenk & Clarenz (1939) include in their paper 
a report by Prof. Thiessen on four of their products 
that had been investigated by X-ray analysis. 
These were (I) their synthetic n-tricosanoic acid, 
m.p. 78-5-79°; (II) the oxidation product, m.p. 
77:5-78°, of their synthetic «-hydroxy-n-tetra- 
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cosanoic acid; (III) the oxidation product, m.p. 
77-7-78-1°, of their phrenosinic acid; and (IV) 
a purified fraction of the latter, m.p. 78-0—78-5°. 
The X-ray data were obtained by the Debye- 
Scherrer method. The long lattice-plane spacing d, 
for sample I (53-14) was markedly lower than those 
of samples IT (57-14), III (56-7A) and IV (56-44), 
which are not very different from each other. The 
d, and d, spacings, which do not depend on the chain 
length and have the same value for all members of 
a series, were similar in all cases, as one would 
expect. Prof. Thiessen concluded that sample I 
must be different from the products represented by 
samples II-IV. The latter appeared to be identical 
within the limits of the procedure employed, and he 
concluded that if they were impure the impurities 
must be the same in kind and quantity. He con- 
sidered that the presence of n-pentacosanoic acid 
was a possibility, but if, from the method of pre- 
paration and purification, this were considered 
improbable, then he thought that serious attention 
should be given to a second possibility, namely, that 
sample I, and the products represented by samples 
II-IV, were two different allotropic modifications 
of the same substance. 

We would point out that the X-ray photographs 
for n-tricosanoic acid obtained by Francis, Piper & 
Malkin (1930) gave only one spacing, that of the 
B form. There are four known crystal forms adopted 
by odd-numbered n-fatty acids, and for n-trico- 
sanoic acid the spacing values for these are B, 
53-8A, and the others, (extrapolated), A, 60-04, 
C, 51-84 and D, 45-54. These spacings are not in 
accord with any of those quoted in Prof. Thiessen’s 
report. It is only in the lower members of the odd- 
number acid series that all four crystal modifica- 
tions have been observed, and all modifications, 
incidentally, have the same melting point. 

Klenk & Clarenz claim that phrenosinic acid must 
be pure, or nearly pure, «-hydroxy-n-tetracosanoic 
acid because their synthetic preparation of the 
latter acid gave derived chemical and X-ray data 
very similar indeed to that given by the former acid. 
We suggest that their data point to the opposite 
conclusion, namely, that their synthetic acid must 
have contained as much homologous contaminant 
as their phrenosinic acid. Finally we may mention 
their complaint that the discussion concerning the 
nature of phrenosinic acid, which has been proceed- 
ing for many years, has been pushed back step by 
step from its starting point, namely, the question 
whether it was an «-hydroxyisopentacosanoic acid, 
or an «-hydroxy-n-tetracosanoic acid, until it is now 
concerned solely with the purity of the substance. 
From the viewpoint of the biochemist this must 
surely be the logical outcome of any such inquiry. 
We know that in glycerides and waxes the n-fatty 
acids belong to the even-number series and that in 
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some cases one particular member may be present in 
predominating amount though never to the com- 
plete exclusion of others. Their synthesis in nature 
must therefore involve a stepwise increase or 
decrease in chain length. When a ketonic acid is one 
of the components of a wax, however, our present 
evidence suggests that its synthesis is unique 
(Chibnall, Latner, Williams & Ayre, 1934; Blount, 
Chibnail & Mangouri, 1937). It is therefore of 
biochemical importance to have shown that the 
a-hydroxy-n-fatty acids of cerebrosides are not of 
unique occurrence, but may represent «-oxidation 
products of the n-fatty acid series. Phrenosinic acid 
and the yeast «-hydroxy acid are similar mixtures 
that differ only in the proportions in which the two 
main components, C,, and C,,, are present. We may 
expect that investigation of cerebrosides from 
various sources will disclose, in due course, the 
presence of other even-number members of the 
series. 


SUMMARY 


1. Evidence was presented in a former paper 
(Chibnall et al. 1936) that phrenosinic acid was 
a mixture of about 85 % a-hydroxy-n-tetracosanoiv 
acid and 15 % «-hydroxy-n-hexacosanoic acid with, 
probably, a small amount of «-hydroxy-n-doco- 
sanoic acid, and not pure «-hydroxy-n-tetracosanoic 
acid as had been claimed by Klenk & Diebold 
(1933). 

2. This evidence was based on melting point and 
long crystal spacing data for phrenosinic acid itself, 
and of the n-fatty acid obtained from it on oxida- 
tion. Parallel data were also presented for a series of 
synthetic (+ )-«-hydroxy-n-fatty acids from C,, to 
C,s- It was pointed out, in particular, that the 
melting point of acetylphrenosinic acid (66-5°) was 
much too low for the extrapolated value (83°) for 
a-acetoxy-n-tetracosanoic acid. 

3. Klenk & Clarenz (1939) disputed these con- 
clusions and having found that, among other things, 
their sample of synthetic «-acetoxy-n-tetraco- 
sanoic acid melted at 65-7° they reiterated the former 
claim of Klenk & Diebold. 

4. (+)-«-Acetoxy-n-docosanoic and (+ )-a-ace- 
toxy-n-tetracosanoic acids have been prepared. 
Their melting points, 79-4° and 82-3° respec- 
tively, fall on a smooth curve with other even- 
number members of the (+ )-«-acetoxy-n-fatty 
acid series. 

5. Phrenosinic acid has been prepared for the 
first time in crystalline form, and it gives an X-ray 
photograph similar to that of mixtures of «-hydroxy- 
n-fatty acids. The ‘cauliflower-like’ masses, which 
have hitherto been regarded as characteristic of this 
acid, are shown to consist of very minute imperfect 
crystals which might be due to the separation from 
hot solution of liquid material. 
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6. The new evidence presented is fully in keeping 
with our previous finding as to the composite nature 
of phrenosinic acid. Klenk & Clarenz’s claim that it 
is pure, or nearly pure «-hydroxy-n-tetracosanoic 
acid is rejected. 
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The a-Hydroxy-n-fatty Acids of Yeast Cerebrin 
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(Received 28 May 1953) 


Cerebrin, the main cerebroside of yeast, was first 
prepared by Reindel (1930), who showed that it was 
of relatively simple composition, consisting of a base 
of unknown constitution coupled to an «-hydroxy 
acid which was considered to be a-hydroxy-n- 
hexacosanoic acid. The brain cerebroside phrenosin 
yields a similar acidic product (phrenosinic or 
cerebronic acid) of somewhat lower molecular 
weight, which was shown by Chibnall, Piper & 
Williams (1936) to be a mixture of «-hydroxy- 
n-docosanoic, «-hydroxy-n-tetracosanoic and «- 
hydroxy-n-hexacosanoic acids. It seemed probable 
that the yeast acid might also be of a composite 
nature, for naturally occurring long-chain normal 
aliphatic products have usually been shown, on 
searching investigation, to be mixtures of near 
homologues, cf. the n-fatty acids and primary 
alcohols of waxes, and the n-fatty acids of glycerides. 
This paper describes an investigation of the yeast 
acid on lines similar to those employed by Chibnall 
et al. (1936) for phrenosinic acid. The work was 
started in 1936 and was completed within two 
years, but publication has been withheld pending 
the completion of the investigation described in the 
preceding paper (Chibnall, Piper & Williams, 1953). 
Meanwhile, Reindel, Weickmann, Picard, Luber & 
Turula (1940) have published further observations 
on cerebrin, which deal in large part with the con- 
stitution of the basic component. 


EXPERIMENTAL AND RESULTS 


The melting points recorded in this paper were obtained by 
the methods described by Chibnall e¢ al. (1953) and are 
corrected. Carbon and hydrogen analyses were by Schoeller 
(Berlin-Schmargendorf). 


Investigation of the hydroxy acid prepared 
by the method of Reindel (1930) 


The first sample of hydroxy acid prepared by Reindel’s 
procedure to be examined was an amorphous powder, m.p. 
103-5-103-7°, which showed no evidence of crystalline 
structure when viewed under the microscope. (Found: mol. 
wt. by titration, 433. C,,H;,03; requires 412-4.) It was 
recrystallized repeatedly from various solvents without 
appreciable change, the material separating in all cases in 
masses of microscopic irregular shaped rods which gave 
very poor and uninterpretable X-ray photographs. 

Oxidation of the hydroxy acid. The procedure, which is an 
oxidative titration with a sharp end-point, is the one em- 
ployed in earlier work dealing with the oxidation of the 
primary alcohols of waxes and of phrenosinic acid (Chibnall 
et al. 1936). The hydroxy acid (5 g.) in glacial acetic acid 
(600 ml.) was treated at 60° with CrO, (3-2 g.) in the same 
solvent (150 ml.). The reagent, added in 5 ml. portions at 
a time, turned the solution red, but as the oxidation pro- 
ceeded the colour faded and the solution became green by 
reflected light. Not until this stage had been reached was the 
next portion of the reagent run in. The reaction was con- 
sidered to be complete when the red colour persisted for 
3 min. Excess water was then added, the precipitated fatty 





















































Table 1. 


Weight Melting point 
(g-) (*) 


0-21 


Substance 


Fraction 1 


Fraction 2 0-33 82-2-82-4 
Fraction 3 0-50 82-4-82-7 
Fraction 4 0-65 82-4-82-7 
Fraction 5 0-32 81-9-82-1 


C,, acid _ 83-2-83-4 


90% Coz +10% Cos os 81-8-82-0 


acids filtered off, and thoroughly washed with water. The 
product was then dissolved in ether and treated with 
sodium ethoxide (Chibnall ef al. 1936). The acid obtained 
through the purified sodium soap crystallized in large 
rhombs showing clean straight cleavages; m.p. 81-5-82-0°. 
(Found: mol. wt. 385-9. C,;H;90., requires 382-4.) The 
material (3-65 g.) was then fractionated with ethanolic 
lithium acetate by the method of Klenk (1928) and the acid 
fractions crystallized once from acetone at 25°. The melting 
points and crystal spacings are given in Table 1. 

Fraction 1 had an indefinite melting point and obviously 
contained a small amount of unoxidized hydroxy acid. The 
behaviour of the freshly prepared crystals of fractions 2, 3 
and 5, was in good agreement with that of binary mixtures 
of odd-number n-fatty acids containing about 10% of the 
lower homologue (Chibnall et al. 1936); in this case 90% C,; 
with 10% C3. The pressed layers of the crystals gave a B 
spacing of the right magnitude, and on melting the C form 
crystals appeared. The melting point and pressed spacing 
of fraction 4 both suggested about 5% of C,, in C,; and the 
contamination of this acid is certainly not greater, or the C 
form would have appeared on melting. The X-ray analysis 
showed no indication of the presence of C,,, for 2% would 
have raised the B spacing to about 58-34 and 5% to 594. 
Furthermore, a synthetic mixture of 5% C,.,+90% 
C,;,+5% C,, gave a photograph (series no. B458) which did 
not resemble any of these fractions, for it had very diffuse 
lines and both B and C spacings for a pressed layer. 

The oxidized acid was therefore C,; with not more than 
10% of C,3, so that the yeast hydroxy acid must have been 
a mixture of about 90° «-hydroxy-n-hexacosanoic acid 
with 10% «-hydroxy-n-tetracosanoic acid. Accordingly, 
the high molecular weight exhibited by the yeast acid must 
have been due to some non-homologous contaminant that 
had been removed during the oxidation treatment. 


Purification of the hydroxy acid 


The hydroxy acid (2-0 g.) was treated under reflux with 
acetyl chloride (20 ml.) for 3 hr., the acetylated product 
recovered in the usual way and crystallized from acetone- 
petroleum (b.p. 40-60°) (1-903 g.), m.p. 72-0-72-5°. The 
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Melting points and crystal spacings of fatty acid fractions obtained 
on oxidation of yeast «-hydroaxy acid 


80-5-81-0 (Misty) 
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Crystal spacings in A 
. " 
Pressed (P) 





Series or melted 
no. (M) layer B C 
B453 YP 57-45 -— 
M — 56:3 
B454 g 57-45 — 
M — 56:8 
B455 P 57-45 —- 
M 57-7 — 
B457 P 57-45 — 
M — 55-0 
B459 P 57-7 me 
M 57-7 = 
B433 P 57-5 —- 
M — 55-6 





acetate was then extensively fractionated by a judicious 
combination of the following treatments: (1) Crystallization 
at 0° from equal volumes of acetone and light petroleum 
(b.p. 40-60°). (2) Extraction at 35° with acetone, filtering 
the warm solution from the insoluble residue and treating 
the clear filtrate as under (1). There was thus obtained 
0-87 g. of material; m.p. 84-84-5°. (Found: C, 73-9; H, 
12-1, mol. wt. by titration 456-5. C,,H;,0, requires C, 
73-9; H, 11-9%; mol. wt. 454-3.) 

This acetyl derivative (0-3 g.) was saponified with 30 ml. 
of 5% ethanolic NaOH for 3 hr., the volume reduced to 
20 ml. and the solution cooled slowly to room temperature. 
The sodium soap crystallized in large oblong plates (0-3 g.). 
The free acid was prepared by partitioning between aqueous 
HCl and ether, washing the ethereal solution and trans- 
ferring to warm acetone. On cooling the product separated 
as a gel, but could be filtered free from solvent on a Biichner 
funnel; m.p. 104-104-5°. (Found: mol. wt. by titration 417-2; 
CygH;20, requires 412-4.) The acid was optically active, a 
property that had been masked by the impurities present in 
the original preparations; [«]} in pyridine = +2-1 (c, 2-8). 

Another batch of yeast acid melted at 101—101-5° and had 
a molecular weight by titration of 504-9 showing that the 
cerebrin had been incompletely hydrolysed. The acid (10-0g.) 
was therefore saponified with 600 ml. of 5% ethanolic 
NaOH for 4hr. Crystals of sodium salt separated fairly 
early during the initial stages of the saponification, and at 
the end of the operation were removed by filtration on a hot 
funnel. The weight of sodium soap, after washing with hot 
ethanol, hot acetone and ether was 5-62 g. (fraction A). 
On cooling the filtrate to 0° a yellowish amorphous powder 
separated, which was filtered off, washed three times with 
boiling acetone, then with ether and air dried. It weighed 
3-4 g. (fraction B). 

Fraction A. The crystalline soap (2-0 g.) was converted to 
the free acid, which was taken up in warm acetone. On 
cooling, the product separated as a gel. It was filtered and 
dried to constant weight in vacuo at 40°. (Found: mol. wt. 
by titration 415-8.) As this fraction of the sodium soap had 
separated so early in the saponification it was deemed 
advisable to resaponify the free acid and the remainder of 
soap for 3 hr. with 500 ml. of 5% benzene: ethanolic (1:1, 
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v/v) NaOH, which held the soap in solution. On cooling to 
0° the sodium soap crystallized out and, after washing, it was 
converted to the free acid. The product separated as a gel 
from the following solvents: methyl, ethyl, propyl or amyl 
alcohol, ethylene dichloride, chloroform, carbon tetra- 
chloride, benzene, benzene-ethanol, xylene, acetic acid and 
dioxan. The gel could, however, be readily filtered from cold 
acetone. For analysis the material was dried in vacuo at 
room temperature, m.p. 104-0-104-5; [«]#? in pyridine = 
+2-45 (c, 2-56). (Found: C, 75-6; H, 12-7%; mol. wt. by 
titration 413. C,,H;.0, requires C, 75-7; H, 12-7%; mol. wt. 
412-5.) The acetyl derivative was prepared as before; the 
material shrank at 79-5° and melted sharply at 85-2-85-5°. 
The ethyl ester melted at 74-2-74-4°. 

The hydroxy acid (0-5 g.) was cautiously oxidized at 65° 
with 0-32 g. of CrO, in 16 ml. of glacial acetic acid, the 
resulting acid being purified through the sodium soap. The 
product (0-33 g.) crystallized in large rhombs and melted at 
81-6-81-8°. It was recrystallized from 35 ml. and then twice 
from 25 ml. of acetone at 37° (0-15 g.); m.p. 83-0-83-2°. 
(Found: mol. wt. by titration 384. C,;H,)0, requires 382-4.) 
The X-ray photograph (series no. B480) gave eleven and 
higher orders measuring 58-04 for a pressed layer and nine 
orders measuring 55-8 A for a melted layer, showing that the 
substance was C,, with not more than 5% of C,,. The col- 
lected mother liquors gave a second fraction (0-13 g.), 
m.p. 81-6-81-8°. (Found: mol. wt. by titration 382.) The 
X-ray photograph (series no. B483) was diffuse but strong 
and the spacing 57-84. Taken in conjunction with the 
melting point this suggested 15% C,, + 85% C,,;. The melted 
layer had a spacing 55-2 A, corresponding to about 20% of 
C.3+80% C,;. This sample of the yeast hydroxy acid was 
therefore x-hydroxy-n-hexacosanoic acid with not more than 
10% of «-hydroxy-n-tetracosanoic acid. 

We were, nevertheless, not satisfied that full purification 
had been effected because we had been unable to obtain the 
product in sufficiently good erystalline form for the X-ray 
photograph to exhibit the intensity distribution character- 
istic of an «-hydroxy acid. In the previous work on phreno- 
sinic acid (Chibnall et al. 1936) a series of synthetic inactive 
acids of the series from C,, to C,, had been examined, as also 
a few selected mixtures. All of them separated from appro- 
priate solvents in crystalline form and all gave good X-ray 
photographs with measured spacings that were proportional 
to the chain length. We were loth to believe that this yeast 
acid (and also phrenosinic acid, cf. Chibnall et al. 1953) 
could not be obtained in good crystalline form, for it 
appeared to differ from the synthetic acids in only one 
property, that of being optically active. Much time and 
material were accordingly spent in attempts to attain this 
end, and it was not until we recognized that the gelling 
effect on cooling a hot solution was brought about by the 
separation of very minute imperfect crystals which may 
initially be in some liquid crystal form that we were able to 
make progress. 

Under the following conditions the material separated in 
satisfactory crystalline form. The acid (0-3 g.) was dissolved 
in dry ethanol (50 ml.) at 50° and the solution run into a 
Dewar flask. Cooling was slow, and at the end of 20 hr., 
when granular material was beginning to separate, the 
temperature was 35°. The crop was still granular at 33°, 


when it was rapidly filtered off. The mother liquor gelled on 
further cooling. The operation was repeated giving 0-19 g. 
Under the microscope the material was a mass of small 
crystalline transparent flakes with straight cleavage edges 
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and, in appearance, was very similar to the synthetic higher 
(+)-«-hydroxy-n-fatty acids that we have handled in the 
course of this work. These crystals gave, as one would 
expect, a very good X-ray photograph (series no. B500) 
showing 16 orders with the intensity distribution character- 
istic of an «-hydroxy-n-fatty acid. The spacing was 67-94. 
The A spacing of «-hydroxy-n-hexacosanoic acid (extra- 
polated) is 66-74 and the B spacing 59-74. The pure acid 
should give the B form, and the fact that the observed value 
is slightly above that of the A form implies, according to our 
experience, contamination with a small amount of homo- 
logous material and is thus in keeping with the deduction 
from chemical analysis and melting-point data that the 
yeast product is about 90% «-hydroxy-n-hexacosanoic acid 
with 10% a-hydroxy-n-tetracosanoic acid. 

Fraction B. The sodium soap gave an acid, m.p. 101-8— 
102-3°, which separated from hot solvents as a granular 
powdersimilar to that of the original preparation. Resaponi- 
fication was without effect on the melting point and the 
molecular weight, and the resulting product showed no 
tendency to gel: [«]?? in pyridine = + 2-04 (c, 2-6). (Found: 
C, 75-6; H, 12-7, mol. wt. 419. C,,H;.0, requires C, 75-7; 
H, 12-7%, mol. wt. 412-5.) 

The acetyl derivative shrank at 73° and melted in- 
distinctly at 78-84°. The hydroxy acid (0-5 g.) was oxidized 
as before and the product recrystallized thrice from acetone 
at 37°; m.p. 82-4-82-6°; mol. wt. 384-6 The X-ray photo- 
graph (series no. B481) gave 58-04 for a pressed layer and 
55-54 for a melted layer, agreeing with a composition of 
approximately 90% C,, + 10% C3. 

Fraction B was clearly the same «-hydroxy acid mixture 
as fraction A, but the impurity present in the original pre- 
paration had not been completely removed. The persistence, 
in fact, with which this impurity clings to the hydroxy acid, 
even after fairly drastic saponification, recalls the observa- 
tion, well known to those who have worked on the structure 
of phosphatides, that the fatty acids of the latter substances 
cannot be entirely freed from the last traces of phosphorus 
except by distillation. 


DISCUSSION 


The clear demonstration given above that the acid 
from the yeast cerebroside is a mixture of two even- 
numbered «-hydroxy-n-fatty acids provides yet one 
more instance for the general rule, so well illustrated 
by earlier work on waxes (Chibnall, Piper, Pollard, 
Williams & Sahai, 1934) and on phrenosinic acid 
(Chibnall et al. 1936, 1953) that when long-chain 
normal aliphatic products occur in nature it is as 
components of mixtures with one or more homo- 
logues of the same odd or even carbon series as the 
case may be. Of more practical interest, perhaps, is 
the observation that the yeast hydroxy acid can 
separate from hot solvents as a gel, in which condi- 
tion it is very probably in one of the liquid-crystal 
forms of the type described by Friedel (1922), for 
this led to the explanation of the ‘cauliflower-like’ 
masses of phrenosinic acid that have been re- 
peatedly obtained by earlier workers (cf. Chibnall 
et al. 1953). The same phenomenon was observed by 
Francis, King & Willis (1937) during the purification 
of synthetic (+ )-«-hydroxy-n-tetratriacontanoic 
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acid, and it seems legitimate to conclude that this 
property is inherent in «-hydroxy-n-fatty acids of 
very long chain length. 


SUMMARY 


1. The «-hydroxy-n-fatty acid component of 
yeast cerebrin has been investigated in detail. 

2. The pure product obtained after alkaline 
saponification is optically active. 

3. Under the usual conditions of crystallization 
from hot solvents the product separates as a gel. 
On very slow cooling from hot ethanol under 
special conditions crystalline material was obtained. 
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4. The crystals gave a very good X-ray photo- 
graph showing the characteristic intensity distribu- 
tion of an «-hydroxy-n-fatty acid. The observed 
spacing was that of the A form of «-hydroxy-n- 
hexacosanoic acid, indicating that a small amount 
of homologous contaminant was present. 

5. Melting-point and X-ray data for the n-fatty 
acids given on oxidation show that the cerebrin 
hydroxy acid is a-hydroxy-n-hexacosanoic acid 
with not more than 10% of «-hydroxy-n-tetra- 
cosanoic acid. 


It is a pleasure to thank Prof. F. Reindel for samples of the 
yeast hydroxy acid. 
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The Estimation of Oxidized Glutathione 
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Several methods have been published for estimating 
reduced glutathione (GSH) (Guthrie & Wilcoxon, 
1932; Grunert & Phillips, 1951; Miller & Rockland, 
1952), but no satisfactory method for estimating the 
oxidized form (GSSG). Hence the oxidized form can 
be estimated if it can be reduced quantitatively. 
Chemical methods for achieving this were tried 
(Goddard & Michaelis, 1934; Clarke, 1932; Folin & 
Marenzi, 1929) but were unsatisfactory quanti- 
tatively, owing to interference from phenolic 
compounds present in plant extracts. 

Reduction of GSSG by glutathione reductase 
appears to be a very suitable means of estimating 
GSSG because the reaction is relatively rapid, the 
enzyme appears highly specific for GSSG, cystine 
and other derivatives of cystine and glutathione are 
not reduced (Conn & Vennesland, 1951), and the 
equilibrium point of the reaction between reduced 
triphosphopyridine nucleotide and GSSG greatly 
favours the formation of GSH (Mapson & Goddard, 
1951; Conn & Vennesland, 1951). 


Reduction of GSSG is achieved enzymically by 
means of malic dehydrogenase, together with 
glutathione reductase and _ triphosphopyridine 
nucleotide (TPN) as previously described (Mapson 
& Goddard, 1951). The essential reaction catalysed 
by glutathione reductase is 


TPNH+GSSG = TPN+ + 2GSH, 


where TPNH = reduced TPN and TPN* = oxidized 
TPN. Malic dehydrogenase enzyme with its sub- 
strate is used to regenerate reduced TPN. These 
enzymes are present in acetone powder preparations 
from pea seeds, dialysed to remove all soluble 
—SH and —S—S— compounds. On the addition of 
malate, manganese, TPN and GSSG to the dialysed 
extract under anaerobic conditions, hydrogen 
readily transfers from malate to GSSG. 
Diphosphopyridine nucleotide (DPN), if present 
in the preparation of TPN, does not interfere in the 
estimation of GSSG, since the only substrate added 
is malate, and the malic dehydrogenase of peas is 
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specific for TPN (Conn, Vennesland & Kraemer, 
1949). There is, therefore, no likelihood of reduced 
DPN being formed and of cystine being reduced by 
the enzyme cystine reductase, found by Nickerson & 
Romano (1952) to occur in yeast and in pea seeds. 
We have in fact shown that cystine is not reduced 
under the conditions in which GSSG is reduced. 
Krimsky & Racker (1952) reported the estimation of 
GSSG by yeast glutathione reductase, using DPN 
and alcohol dehydrogenase as the reducing system. 
As far as the present author is aware, glutathione 
reductase is specific for TPN and will not reduce 
GSSG with reduced DPN. Im any case, as 
Nickerson & Romano have shown and as we con- 
firmed, cystine if present will be reduced under 
these circumstances. 

If the extract to be analysed contains dehydro- 
ascorbic acid the following reaction will ensue, 
owing to the presence of dehydroascorbic acid 
reductase: 


2GSH + dehydroascorbic acid 
— ascorbic acid + GSSG. 


The GSSG so formed will however be reduced again 
and, since ascorbic acid does not interfere in the 
estimation of GSH by the sulphur reduction method, 
this reaction is unimportant in the estimation of 
GSH, except that the time needed for complete 
reduction of GSSG is extended if appreciable 
amounts of dehydroascorbic acid are present. It is 
therefore advisable to carry out preliminary tests 
on the progress of the reaction, to determine the 
reaction times needed. In most tissues the concen- 
tration of dehydroascorbic acid is low, and should 
cause little trouble. 

Cysteine if present will also be estimated, but it 
can be differentiated from GSH by determining 
(1) GSH and cysteine as here described, (2) GSH, 
cysteine and GSSG after reduction and (3) GSH and 
GSSG after first completely oxidizing all SH com- 
pounds to —S—S—. GSSG is measured by (2-1), 
and subtracting this from (3) gives GSH. This com- 
plication of the procedure is only necessary, how- 
ever, when there are significant amounts of cysteine 
present. In preliminary experiments various 
oxidizing reagents were used to effect (3) (iodine, 
ferricyanide and 2:6-dichlorophenolindophenol), 
bearing in mind the necessity to avoid adding any 
substance which would interfere in the subsequent 
enzymic reduction. None proved entirely satis- 
factory and finally the oxidation was effected 
enzymically. We made use of a lipoxidase enzyme 
present in our enzyme preparation, which with 
fatty acid substrate oxidizes both cysteine and GSH 
to the corresponding disulphide in the presence of 
oxygen (Moustafa & Mapson, 1953). It is necessary 
to add a small amount of an activator such as 
caprylic alcohol, in order to bring about the break- 
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down of a fatty acid complex. The release of the 
fatty acid by the action of the alcohol provides the 
substrate for the lipoxidase, and this is followed by 
the indirect oxidation of the sulphydryl compounds. 

In this work GSH and GSSG after reduction have 
been estimated with minor modifications by the 
sulphur reduction method (Guthrie & Wilcoxon, 
1932; Guthrie, 1937). 


EXPERIMENTAL 


Reagents 


Potassium phosphate. A 40% (w/v) solution of K,HPO,, 
freed of O, by storing under N, and flushing with N, before 
use. 

The sulphur, zine acetate, p-aminodimethylaniline 
hydrochloride and ferric chloride reagents for the estimation 
of GSH were made up and used as described by Guthrie 
(1937). 

DL-Malate. This was prepared from a commercial sample 
of malic acid (Hopkin and Williams), made up as a solution 
in water in a concentration of 0-3 after neutralization to 
pH 6-8 with NaOH. 

Manganous chloride. 0-4M solution of MnCl,. 

Reduced glutathione. GSH prepared from yeast foilowing 
the method of Pirie (1930) or as purchased commercially, is 
frequently contaminated with metals. Hence when it is 
dissolved in metaphosphorie acid solution loss of GSH 
occurs by oxidation. We have found it essential to remove 
such impurities by treating a solution of glutathione with 
kaolin, and removing the kaolin by centrifugation (Meldrum 
& Dixon, 1930). 

Oxidized glutathione. GSH was dissolved in the required 
amount of water, and oxidized with the theoretical amount 
of I. 

Triphosphopyridine nucleotide. Highly purified prepara- 
tions of TPN are not essential for the estimation of GSSG. 
Generally the coenzyme was prepared from horse liver by the 
method of Warburg, Christian & Griese (1935), proceeding 
only as far as the acetone powder stage, and without 
purifying further on resin columns. The powder was stored 
at -20°, and lost no activity over long periods. More 
highly purified preparations, made by the method of 
Warburg et al. (1935), as modified by Haas (unpublished), 
or by that of LePage & Mueller (1949), have been used 
without any significant effect on the results. The concentra- 
tion of TPN in the preparations was determined by measur- 
ing the increase in absorption in a Hilger spectrophotometer 
at 340 my. after reduction by isocitrate and isocitric de- 
hydrogenase prepared from heart muscle (Grafflin & Ochoa, 
1950). 

Enzyme for the reduction of GSSG (malic dehydrogenase 
and glutathione reductase). Dry ungerminated peas, 
variety Laxton Superb, were ground in an end-runner mill 
to a powder which was sieved through a no. 40 sieve. This 
powder was then extracted rapidly with 6 times its weight of 
cold acetone. The acetone was filtered off rapidly, and the 
powder spread out to dry. This kept its activity for a long 
time. 

The above powder (20g.) was mixed with 60 ml. of 
0-025 m phosphate buffer pH 6-8, allowed to stand for 5 min. 
at room temperature, and centrifuged. The supernatant 
liquid was transferred to cellophan sacs and dialysed against 
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5 |. of 0-01 m phosphate buffer pH 6-8 at 1°. Air was bubbled 
through the solution to facilitate dialysis, which was con- 
tinued for 48 hr. or more. The enzyme extract was then 
centrifuged to remove material precipitated during dialysis, 
and stored at 1°, but never longer than 48 hr. 


Enzymic reduction of GSSG 

A 30 ml. sample of the metaphosphoric acid extract of the 
tissue is placed in a boiling tube in a water bath at 35°, and 
a stream of N, passed to remove O,, frothing being prevented 
by adding a trace of silicone anti-foam A. After the pH of the 
extract has been adjusted to approximately 6-3 with 20% 
(w/v) NaOH, there is added 10 ml. of dialysed pea enzyme, 
40 mg. of sodium malate, MnCl, to give a final concentration 
of 0-024M, and 1 mg. of TPN. The total volume is then 
adjusted to 50 ml., after the pH has been finally adjusted to 
6-3. After the reduction is complete, the extract is acidified 
with 3 ml. 20% (w/v) HPO,. The resulting protein pre- 
cipitate is centrifuged off and the centrifugate taken for the 
estimation of GSH by the method described below. 

A typical progress curve is shown in Fig. 1. In this 
particular experiment, in which the reduction of GSSG was 
followed throughout, there was good agreement between the 
amount of GSH formed as estimated by (1) titration with 
potassium acid iodate (Fujita & Numata, 1938), and (2) by 
sulphur reduction. 

The rate of the reduction of GSSG in this system depends, 
among other things, on the concentration of substrates and 
co-factors. A concentration of malate was used high enough 
not to limit the rate of the reaction. To conserve supplies of 
TPN, experiments were made to determine the minimum 
amount that could be used with the enzyme preparation, to 
ensure a reasonably rapid reaction. Results, relating rate of 
reduction to concentration of TPN, are shown in Fig. 2. In 
these experiments Mn was added in amount found by earlier 
experiments to produce an optimum effect. TPN at a 
concentration of 20yg./ml. reaction mixture is near the 
minimum necessary. Under these conditions we have been 
able to reduce 160 ug. of GSSG/ml. reaction mixture within 
l hr. Our experience with one plant tissue, namely potato, 
indicates that this concentration of GSSG is considerably 
higher than those normally met. Extracts from tissue 
containing more than 160yg./ml. could be dealt with by 
dilution before test. 

Good recoveries of GSSG varying between 97 and 101% 
were obtained when this substance was added to potato 
tissue in varying amounts. 


- Estimation of GSH by the sulphur method 

The chief difficulty is to prevent oxidation during the 
analysis. Guthrie advocated addition of KCN to stabilize 
the GSH, but we have found this to give lower and more 
variable results than the procedure we adopted. Moreover, 
a slight reduction of GSSG and cystine does occur in the 
presence of KCN, as Guthrie (1938) has pointed out. We 
have found that GSH is readily oxidized during the neutral- 
ization of the metaphosphoric acid so that it is essential 
(1) to remove O, before neutralization, and (2) to neutralize 
with K,HPO, rather than with NaOH, when there is no 
need to add KCN. 

With this procedure results are most accurate if the sample, 
to be analysed contains 14 mg. of GSH. When known 
amounts of GSH were added to slices of potato tissue, re- 
coveries in a number of experiments varied from 97 to 99%. 
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Fig. 1. Reduction of GSSG with dialysed pea extract. 
O—O, GSH estimated by sulphur reduction method; 
x — x, GSH estimated by acid iodate method. Reaction 
mixture contained malate, 0-8 mg./ml.; TPN, 20 ug./ml.; 
MnCl,, 0-04m; GSSG, 160 ug./ml. 
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Fig. 2. The rate of reduction of GSSG by dialysed pea 


extract as affected by concentration of TPN. Reaction 
mixture contained malate, 0-8 mg./ml. with varying 
amounts of TPN; MnCi,, 0-04m; GSSG, 150 yg./ml. 
Temp. =35°. 


Procedure for the estimation of GSH 


Known quantities of GSH were dissolved in 2% (w/v) 
HPO,, and 50 ml. samples were measured into Drechsel 
bottles (capacity 100 ml.) together with a few drops of 
bromothymol blue indicator, and 1 drop of capryl alcohol to 
prevent frothing. After a vigorous stream of O,-free N, had 
been passed through the solution for 10 min., the pH was 
adjusted to 6-6-6-8 with K,HPO, solution. The O,-free 
K,HPO, solution was introduced into the Drechsel bottle by 
means of a special inlet tube, thus excluding O, during the 
neutralization. 2 ml. of the saturated sulphur solution were 
added in a similar manner and the bottles connected to 
absorption tubes containing 25 ml. of the zine acetate 
solution. Throughout these operations, and for a further 
period of 4 hr., a continuous stream of N, was passed through 
the Drechsel bottle. The Drechsel bottles were placed in a 
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water bath to maintain a temperature of 30° throughout. 
After 4 hr., the methylene blue developed after the addition 
of the necessary reagents was estimated in a Hilger Spekker 
photometer. 


The use of lipoxidase for the oxidation 
of GSH and cysteine 


The lipoxidase system is present in the enzyme pre- 
paration described in this paper, so it is only necessary to 
add the solution to be analysed to the enzyme solution 
after both have been adjusted to a pH of 6-3-6-5, to add 
a few drops of caprylic alcohol and finally to aerate the 
solution. The course of the oxidation of the —SH com- 
pounds may then be followed by removal of samples and 
titration with potassium acid iodate. 1 ml. of our enzyme 
preparation contains sufficient fatty acid substrate to 
oxidize approximately 0-3 mg. GSH or its equivalent. 
Larger amounts of GSH may be oxidized by the addition of 
small amounts of either linolenic or linoleic acid. When 
oxidation is complete, the air stream is replaced by O,-free N, 
and the solution freed of O,. The addition of malate, 
MnCl, and TPN then completes the reduction system for the 
conversion of GSSG to GSH. It is important that these 
additions should be made only after the lipoxidase activity 
of the extract has been arrested by the exclusion of O,, for 
unless this is done a marked decrease in the activity of the 
reducing system may occur, and this appears to be associ- 
ated with the destruction of TPN by the lipoxidase. After 
reduction the solution is then acidified with metaphosphoric 
acid and its GSH content determined by the method 
described above. 

Using this modification of the general method, we have 
found that GSH may be estimated when present with 


cysteine with an accuracy of +5% (Table 1). 
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Table 1. The estimation of reduced glutathione when 
present with cysteine in different mixtures 


Mixture analysed 








—, GSH found as 


baths : 
Cysteine (%) % of that added 


GSH (%) 


75 25 95 
66 34 94 
25 15 96 
33 67 104 
50 50 104 
SUMMARY 


1. Oxidized glutathione may be estimated as 
reduced glutathione by the sulphur reduction 
method after enzymic reduction with triphospho- 
pyridine nucleotide and glutathione reductase. 

2. Reduced glutathione may be estimated in the 
presence of cysteine by first oxidizing reduced 
glutathione compounds enzymically by means of 
a lipoxidase system, followed by enzymic reduction 
of oxidized glutathione. 

3. The method has been used with potato tissue 
and satisfactory recoveries of both reduced and 
oxidized glutathione obtained. 


Mr D. Wardale carried out all the experimental work 
described in this paper. The work was carried out as 
part of the programme of the Food Investigation Organi- 
zation of the Department of Scientific and Industrial 
Research. 
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The Detection of Galactose in Urine 
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(Received 22 May 1953) 


The recognition of the condition known as galactos- 
aemia or chronic galactosuria which occurs mainly 
in infants and young children has directed attention 
to the detection of galactose in urine. Though the 
condition is rare, an increasing number of cases is 
being reported, and it is advisable to consider the 
possibility of its occurrence whenever an illness in an 
infant is accompanied by the presence of a reducing 
substance in the urine. Diabetes mellitus, though 
also rare in infants, must of course also be con- 
sidered, and therefore any test for galactose must be 
able to differentiate this sugar quite clearly from 
glucose. 

The use of paper chromatography in the investi- 
gation of galactosaemia has been described by 
Bickel & Hickmans (1952). The glucose and 
galactose spots on the chromatogram however are 
very close together, and some experience is needed 
before galactose can be identified with certainty by 
this method. Yet the need to decide if a reducing 
substance found in urine is galactose may arise in 
a hospital laboratory where the necessary ex- 
perience or equipment for chromatographic exami- 
nation is not available. Hence it is desirable to 
have a reasonably simple, reliable chemical test for 
the recognition of galactose in urine. 

The mucic acid test is positive for lactose and 
galactose but the usual description of the test recom- 
mends the use of 100 ml. of the urime under exami- 
nation. Many of the patients with galactosaemia 
are infants of not more than a few weeks, and though 
positive results can be obtained on much less than 
100 ml. of urine, it is impossible to get satisfactory 
results on the specimens obtainable from these 
infants. The concentration of galactose in the urine 
is not usually large, and often does not exceed 0-5 %. 
This low concentration, as well as small volume, 
make the application of certain other tests difficult. 
Recently, when dealing with a case of galactosaemia, 
my attention was drawn to the work of van der 
Haar (1917), who claimed that, of seven sugars 
tested, D-galactose was the only sugar that formed 
an insoluble o-tolylhydrazone. This fact seemed 
worth investigation as a possible basis for a test for 
galactose in urine. The Tollens phloroglucinol 
reaction is also recommended by certain text-books 
(Duncan, 1947; Hawk, Oser & Summerson, 1947) as 
a test for galactosuria, and this test was also 
examined. 


EXPERIMENTAL 


(1) The Tollens phloroglucinol reaction. This reaction was 
not originally put forward as a test for galactose, but for 
pentoses. As first described by Wheeler & Tollens (1889), it 
consists in heating the liquid to be tested with an equal vol. 
of HCl (sp.gr. 1-19) and a small quantity of phloroglucinol, 
In the presence of pentose (or of glucuronic acid) a beautiful 
cherry-red colour appears, followed soon by turbidity and 
precipitate formation. It is clearly stated that galactose and 
dextrose give no specific colour. Later, Tollens (1896) dealt 
with the reaction in greater detail, and showed that the 
cherry-red colour shows definite absorption bands. If the 
precipitate which forms on cooling and standing is filtered 
and washed with water and then treated with ethanol, it 
dissolves to give a violet-red solution which shows the 
pentose absorption bands as before. According to Tollens, 
galactose under the same conditions gives first a yellow- 
brown colour, and glucose a similar one, and the precipitate 
which subsequently forms is dark violet in the case of 
galactose, dissolving in ethanol to a red-brown colour 
showing no absorption band, and yellowish red in the case of 
glucose dissolving in ethanol to a yellow-red colour which 
darkens and shows no band. Tollens points out that while 
detection of pentose in pure solution by means of this 
reaction is easy, the task so far as urine is concerned is more 
difficult. 

The Tollens test, as described in some text-books, con- 
sists in heating equal vol. of HCl and the solution to be 
tested, to which a little phloroglucinol has been added, in the 
water bath. The appearance of a red colour indicates 
galactose, pentose or glucuronic acid. Galactose is differ- 
entiated from the other two substances by the fact that its 
solution in this test shows no absorption bands. 

The discrepancy between the description of the reaction 
by Tollens, and that of some later writers, so far as galactose 
is concerned needs to be clarified if the test is to be of any 
value in the investigation of galactosaemia, and experi- 
ments were undertaken for this purpose. These experiments 
have shown that when the Tollens reaction is carried out on 
pure aqueous solutions of xylose, galactose and glucose, in 
2% concentration, a bright cherry-red colour is obtained 
with xylose and a deep red-brown colour with galactose and 
glucose, the colour developing much more quickly in the 
case of galactose than glucose. Ultimately all three show 
turbidity, followed by definite precipitation, and in the case 
of glucose the precipitate appears almost before the red- 
brown colour has clearly shown itself. On filtering and 
washing the precipitates the galactose precipitate has 
a more definitely purple colour than the glucose precipitate, 
but the difference is not great. Both precipitates dissolve in 
ethanol to give similar deep brownish red solutions. 

When the reaction is carried out on solutions of the sugars 
in urine the results are as follows. 





Vol. 55 


(a) Sugars in 0-5% concentration. On first heating all 
solutions become orange. The one containing xylose 
quickly deepens to red, but not quite the bright cherry 
colour seen with pure solutions. The galactose solution 
deepens less rapidly to reddish-brown, while glucose 
deepens still less rapidly to yellowish-brown. The washed 
precipitate from the xylose solution is purple, that from the 
galactose purplish, and from glucose, lighter in colour than 
that from galactose and less in amount. 

(b) Sugars in 1% concentration. All first become orange- 
red. The xylose solution quickly becomes bright red and then 
dark red and soon the precipitate appears. The galactose and 
glucose solutions become red-brown, the galactose more 
rapidly than the glucose. The washed precipitates are similar 
to those in the previous experiment. 

(c) Sugars in 2% concentration. All quickly become orange- 
red. The xylose solution changes quickly to red at the top and 
this colour spreads rapidly downwards, and deepens to a 
port-wine colour before becoming opaque. The galactose and 
glucose solutions deepen to dark red-brown, the glucose 
solution as before changing more slowly than the galactose. 
Soon xylose and galactose solutions look very similar and 
the glucose solution closely resembles them a little later. The 
washed precipitate from the xylose solution is almost black 
and in coarse lumps; that from galactose is very dark 
purple, and from glucose, a slightly lighter purple. The 
xylose precipitate dissolves in ethanol to give a purple 
solution, while the other precipitates give deep red-brown 
solutions; the glucose precipitate appears to be more 
soluble than the galactose precipitate. 

In general, the colour produced when the Tollens reaction 
is performed on glucose in urine appears more slowly and in 
the lower concentrations can be seen to be less deep in shade 
than that produced from galactose in urine in the same con- 
centration. If, however, the reaction is performed on a 
urine containing glucose, and also on a urine containing 
galactose in a lower concentration, the results may well be 
identical. The Tollens reaction is therefore of no value in 
differentiating galactose from glucose in urine if carried out 
on single specimens. To anyone with experience of the test 
a correct decision as to whether a given urine contains 
glucose or galactose will often be possible if the amount of 
sugar in the urine under examination is first determined and 
the Tollens reaction then carried out simultaneously on this 
urine and two controls consisting of sugar-free urine of very 
similar colour to the test specimen, to one part of which is 
added galactose, and to the other glucose, so as to give 
approximately the same sugar concentration as in the test 
specimen. 

(2) The o-tolylhydrazone of v-galactose. If, as claimed by 
van der Haar, p-galactose is the only sugar to form an 
insoluble o-tolylhydrazone, it seems at first sight strange 
that this reaction has not been used as a basis for the 
identification of galactose in urine. The instructions given by 
van der Haar for the preparation of the hydrazone are as 
follows: 

Heat on the water-bath for 30 min. a solution of 1 part of 
D-galactose in 1 part of water, with 1 part of o-tolylhydrazine 
in 20 parts of ethanol. The hydrazone which separates is 
dried at the pump after 24 hr., washed with ethanol and 
ether, and then recrystallized from 95% ethanol. After 
successive washings with ethanol, water, ethanol and ether, 
it is dried, and then has m.p. 176°. This suggests that the 
galactose should be in high concentration; it utilizes o- 
tolylhydrazine base which is not easy to obtain, is easily 
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decomposed on exposure to air and needs to be kept in 
a sealed vessel; and the hydrazone after recrystallization is 
finally identified by its melting point. All these features are 
sufficiently good reasons why the preparation has been 
neglected as a test for galactose in urine. 

Accordingly, experiments were made to see if the hydra- 
zone could be prepared from dilute solutions of galactose 
using 0-tolylhydrazine hydrochloride, which is readily 
available and keeps indefinitely, and if the identity of the 
hydrazone could be assumed without the necessity for 
purification and determining the melting point. Experi- 
ments on aqueous solutions showed: 

(i) o-Tolylhydrazine hydrochloride and sodium acetate 
can be used successfully instead of the free base, and the 
quantity of sodium acetate can be varied within wide limits. 

(ii) The best results are obtained when the hydrochloride 
and galactose are present in equal amounts by weight. 

(iii) Using 1 ml. galactose solution, the appropriate 
amount of hydrazine hydrochloride in 5% solution and 
10 ml. ethanol, spontaneous crystallization of hydrazone 
occurs after heating and evaporating off the ethanol, 
cooling the residue and adding one drop of cold water, 
when the galactose solution contains 1% or more of the 
sugar. 

When the galactose is in 0-25-0-5% concentration, slow 
crystallization, seen through the microscope, can be seen 
when a drop of the residual liquid is poured on to a micro- 
scope slide. The crystals appear as rounded yellow spots with 
needles projecting all round the edge (‘cartwheels’). 

Experiments were next made with galactose in urine. 
With 1% galactose, crystallization occurs almost im- 
mediately in some cases; in others it is observed a few 
minutes after a drop of the residual fluid is placed on a 
microscope slide. In a specimen of urine containing 0-8% 
galactose obtained during the performance of a galactose 
tolerance test, crystals appeared about 5 min. after putting 
a drop of residual fluid on a microscope slide, but in general 
it is felt best not to use concentrations below 1%. 

The nature of the crystals was confirmed by carrying out 
the preparation on 10 ml. of urine containing 0-5 g. gal- 
actose, using the same technique. This gave ample material 
for recrystallization according to van der Haar’s instruc- 
tions, and the purified product had m.p. 174-175°. 

Results with other sugars in urine. In the concentrations 
used, spontaneous crystallization on cooling the residue and 
adding a drop of cold water did not occur. A drop of the 
residual fluid was placed on a microscope slide without 
cover slip, to allow spontaneous evaporation of any residual 
ethanol. After observation under low power for 5-10 min. 
a cover slip was added, and examination made under high 
power where necessary. 

2% glucose. Many globules; some needles were beginning 
to appear after 45 min. from placing coverslip. As they 
increased during the next 2-3 hr. they were seen to be long 
and somewhat loosely arranged in sheaves. 

2% fructose. Some globules; needles began to appear 
about 20 min. after placing cover-slip, and slowly increased 
afterwards. 

2% lactose. A few needle-like crystals seen within 
globules after about 45 min. After 3hr., one group of 
atypical needles was seen. 

2% pv-aylose, p-arabinose, L-arabinose. Many globules, 
but no needles after being on slide for over 5 hr.; some 
crystals of sodium acetate appeared. Under the same condi- 
tions, with 2% galactose, there is immediate formation of 
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a yellow precipitate when the drop of water is added to the 


residue after evaporation. 
1% glucose. A few groups of crystals, long and feathery, 


were seen after 4 hr. 

1% fructose. A few long needle crystals seen in about 
45 min.; these are not typical sheaves nor ‘cartwheels’. 

1% lactose. No crystals seen after 4 hr. In addition to 
galactose, therefore, fructose, and to a less extent, glucose, 
can give needle crystals under the conditions described, but 
the crystals are different in form, and much more slowly 
formed than those from galactose. 

To determine the nature of the crystals from glucose and 
fructose, 0-5 g. of each sugar in 2-5 ml. water was heated with 
0-5 g. of the hydrazine hydrochloride, sodium acetate and 
25 ml. ethanol. The ethanol was evaporated off as usual and 
some crystallization soon occurred, and was increased on 
adding ‘water. The crystals were filtered, washed with 
ethanol and ether and then recrystallized from ethanol and 
water, and washed with water, ethanol and ether, and dried. 
Their melting point in each case was 202° which is the 
melting point of the o-tolylosazone. 

The experiments confirm van der Haar’s claim that of the 
sugars examined only galactose gives an insoluble hydra- 
zone. This is readily obtained from relatively low concen- 
trations of galactose in urine. Fructose and somewhat more 
slowly, glucose, under similar conditions, will give some 
crystals of the osazone, but these are different in form and 
slower in appearing than the galactose hydrazone crystals, 
and the appearance of crystals as described, within a short 
time of the completion of the preparation is a good indica- 
tion of the presence of galactose in the urine examined. 

Recommended procedure for the hydrazone test. Determine 
the concentration of the sugar in the urine (e.g. by a micro 
modification of the quantitative Benedict method). If the 
concentration is less than 1%, concentrate the urine by 
evaporation until 1% concentration is reached. Place 
1 ml. of urine in a test tube (150 x 16 mm.), add 0-2 ml. of 
a freshly prepared 5% solution of the hydrazine hydro- 
chloride. Add a few small crystals of sodium acetate 
(20-30 mg.). Mix well to dissolve the acetate and then add 
10 ml. of ethanol. The mixture becomes opalescent. Place 
the test tube in a water bath between 90° and 100°. The 
opalescence quickly changes to a flocculent precipitate 
which is then filtered off while hot into a test tube containing 
one or two small pieces of porous pot. Put the tube in water 
at about 90°. When nearly all the ethanol has evaporated, 


F. S. FOWWEATHER 


1953 
raise the water to boiling to complete the evaporation, and 
then cool the small quantity of liquid that remains in cold 
running water. Add one drop of distilled water, mix and 
pour a drop on to a microscope slide. 

If galactose is present in concentration appreciably 
greater than 1 %, crystals of the hydrazone will already have 
been formed, and be visible under the microscope as radiat- 
ing needles. If the concentration does not much exceed 1% 
crystals may not form immediately; the drop may be 
observed under low power without cover slip for a few 
minutes and crystals may be seen to form near the edge of 
the drop. After 2-3 min. put on a cover slip. Soon opaque 
yellow spots or streaks will be visible to the naked eye and 
under the microscope these will be seen to consist of hydra- 
zone crystals in ‘cartwheel’ arrangement (tightly packed 
circles with edges of needles just visible round the rim). 

If the sugar is glucose, opaque yellow spots or streaks will 
not form; after 2-3 hr. needle crystals of osazone may be 
seen, but these will be longer and in looser arrangement than 
the galactose hydrazone, and generally have a feathery 


appearance. 
Fructose will also yield osazone crystals, usually more 


rapidly than glucose. 


SUMMARY 


1. In view of the need for a simple test for the 
detection of galactose in urine, when investigating 
possible cases of galactosaemia or chronic galactos- 
uria, the Tollens phloroglucinol reaction, and the 
claim by van der Haar that galactose is the only 
sugar which gives an insoluble hydrazone with o- 
tolylhydrazine have been examined. 

2. The Tollens reaction, as described in many 
text-books, is of no value as a test for galactose in 
urine, as the results given by glucose are very | 
similar; the test may have some value if carried out 
with appropriate controls. 

3. It has been shown that of the sugars likely to 
be found in urine, galactose is the only one which 
gives an insoluble hydrazone with o-tolylhydrazine. 

4. A simple test for the detection of galactose in 
small quantities of urine, based on this property, has 
been described. 
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